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EDITORIAL 


Business backs the basics 


arlier this year, a number of leaders from major 

US. corporations gathered at Sunnylands in Cali- 
fornia to discuss the critical importance of basic 
scientific research. For decades, the private sector 

has withdrawn from some areas of basic research, 

as accelerating market pressures, the speed of in- 
novation, and the need to protect intellectual 
property in a global marketplace made a Bell Labs-style, 
in-house model of discovery 
and development hard to 
sustain. However, the leaders 
who gathered for the “CEOs 
and Leaders for Science” re- 
treat* (which we convened) 
agreed that basic research 
will make or break corpora- 
tions in the long term. Why? 
Long-term basic research, 
substantially funded by the 
U.S. government, underlies 
some of industry’s most prof- 
itable innovations. Global 
positioning system technol- 
ogy, now a staple in every 
mobile phone, emerged 
from Cold War Defense De- 
partment research and de- 


vanced degrees in science and technology in the United 
States come from abroad because of the nation’s scientific 
excellence. For decades, American companies could at- 
tract and retain the finest talent from around the world. 
But if the U.S. loses its edge in research, it may also lose 
this vital resource of expertise and innovation. 
Consequently, business leaders assembled at Sunny- 
lands resolved to use their individual and collective cred- 
ibility, and their stature as 
heads of enterprises that fuel 
the economy, to advocate for 
greater government support 
for basic scientific research 
to revitalize the science eco- 
system. However, they will 
need to lift sagging pub- 
lic opinion because many 
Americans now see _ basic 
research as a luxury rather 
than a necessity. A 2015 Pew 
poll found that Americans 
who view publically funded 
basic research as “not worth 
it” rose from 18 to 24% be- 
tween 2009 and 2014. At 
the same time, those who 
believe private investment is 


cades of National Science “..basic research will enough to ensure scientific 
al is oe ane make or break corporations ear increased from 
vate partnerships in basic in the long term.” With that in mind, the 


research have driven USS. 

leadership, from information technology to drug devel- 
opment and medical advancement. For example, the Hu- 
man Genome Project combined $14.5 billion in federal 
investment with a private-sector initiative, generating 
nearly $1 trillion in jobs, personal wealth for entrepre- 
neurs, and taxes by 2013. Such endeavors created a sci- 
ence ecosystem that in turn generated the talent pipeline 
upon which it depended. 

Although for-profit corporations still invest in propri- 
etary product development and expensive clinical trials, 
industry finds itself unable to invest in basic research the 
way it once did. The need for increased corporate secrecy, 
market force-driven short-term decision-making, and 
narrowing windows to monetize new technologies have 
whittled away industry’s willingness and ability to con- 
duct basic research. This change threatens U.S. preemi- 
nence in research. For instance, the nation may lose its 
ability to attract and retain the finest talent from around 
the world. A good fraction of the students who earn ad- 


CEOs will partner with aca- 
demic leaders to educate the public about the importance 
of basic research. Together, they will advocate for this in 
meetings with federal officials, through various media 
channels, and by asking presidents in the Association 
of American Universities to identify corporate leaders in 
their respective communities to join the effort. The hope 
is that this concerted action positions basic research atop 
the next U.S. president’s agenda. 

History has shown that investments in basic research 
are the primary engine by which humanity has advanced, 
and major economic gains—often unanticipated when 
the research was initially funded—have been realized. In 
the United States, that will require a long-term commit- 
ment from the government, complementing the ongoing 
investment of risk capital and key industry sectors. 

America’s leadership role in scientific innovation is an 
inherited responsibility and an economic imperative. It 
must not be neglected. 

—Subra Suresh and Robert A. Bradway 


*www.annenbergpublicpolicycenter.org/business-leaders-agree-u-s-funding-of-basic-research-advances-prosperity-security-well-being/ 
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66 Science is global. ... If | look back to my old country, 
it’s ina real mess because it thinks it can raise borders to 
people coming in. This is not good for science. 99 


U.K. native Fraser Stoddart of Northwestern University in Evanston, Illinois, who last week 
was one of three winners of the 2016 Nobel Prize in Chemistry. http://scim.ag/2016chemnobel 


AROUND THE WORLD 


IN BRIEF India drives rise in TB cases 


GENEVA, SWITZERLAND | Tuberculosis 
D li t t t ti (TB) in 2015 sickened an estimated 
ango Ins 0 ge more pro ec ion 10.4 million people, a jump of 500,000 
2 : ; , from 2014, and killed 1.8 million—more 
umbers of several highly endangered species, including than HIV. But the apparently alarming 
pangolins (pictured), African grey parrots, and Barbary rise mainly reflects improved surveillance 
macaques, have plummeted due to uncontrolled inter- in India, which accounts for 24% of the 
national trade—but delegates to the 17th Convention on Esmee penoae nies ra 
International Trade in Endangered Species of Wild Fauna Health Organization (WHO) in Geneva, 
and Flora (CITES) in Johannesburg, South Africa, have now Switzerland. “India’s always been a major 
voted to ban that trade. Delegates from 182 countries approved 51 of problem,” says Mario Raviglione, head 
61 proposals to tighten protections for hundreds of species, includ- OF He Piprcenavan With Taey nave 


‘i 3 é fs 400 million people living in poverty.” The 
ing devil rays, chambered nautiluses, and several species of shark. pour Ofien stare noone have liule accesa 


An effort to reauthorize selling rhinoceros horn was defeated; the to health care, and depend on alterna- 
rhinoceros will remain on CITES’s Appendix I, receiving its highest tives like Ayurvedic medicine that keep 
protection. A proposal to list all African elephants on Appendix I, them away from proven cures. The report 
a ‘ - 2 . also emphasizes that the world has made 
effectively banning ivory trade, did not pass—although populations errs wei lea 
shrank from 1.2 million in 1980 to 400,000. The United States op- TB, and needs to increase its investment 
posed the listing after Namibia warned it would ignore restrictions, by $1.7 billion a year in low- and middle- 
and the European Union said each country should manage its own income countries to properly combat it. 
elephant population. Meanwhile, a proposal to prohibit trade in 
African lions was weakened from a ban on exports of products from Contract theory nabs econ Nobel 
all lions to a ban on the sale of bones, claws, and teeth of wild lions. STOCKHOLM | The 2016 Nobel Prize in 


Economic Sciences has been awarded to 
key figures in the development of contract 
theory—conceptual work that explains 

the logic of CEO bonuses, privatization 

of government services, and other kinds 
of contracts. Bengt Holmstrém of the 
Massachusetts Institute of Technology and 
Oliver Hart of Harvard University, both 

in Cambridge, Massachusetts, will share 
the prize. Holmstrém’s theories inform 
how compensation packages should be 
structured: In 1979, he published the 
informativeness principle, which says that 
pay should be based on information about 
effort. He later noted that fixed pay might 
be better than bonuses for jobs with many 
kinds of output, some more quantifiable 
than others, as an incentive structure 
would encourage employees to prioritize 
easily measured aspects over others—such 
as student test scores over critical think- 
ing. In the mid-1980s, Hart and colleagues 
studied the idea of incomplete contracts, 
which lay out how disagreements will be 
resolved, such as who will take control 
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Gender bias in telescope time 


stronomers wanting time on the European Southern 
Observatory’s (ESO's) telescopes are less likely to get it if 
they're women, an internal ESO study reported last week on 
the preprint server arXiv. The study examined 13,420 pro- 
posals submitted by 3017 principal investigators from 2008 
to 2016. Male-led proposals were selected 22.2% of the time, 
compared with 16% for female-led proposals. One reason may 
be that men are overrepresented at more senior career levels: 
Professional astronomers tended to win out over postdoctoral 


ESO's Very Large Telescope array 
at Cerro Paranal in Chile: 


fellows and students—and there were four times as many profes- 
sional male applicants. But after accounting for the career level 
of the proposer, a gender gap persisted: The success rate for men 
was 22.1%, whereas women's success rate inched up to 19.3%. 
Both male and female reviewers tended to rank proposals from 
female applicants at all career levels more poorly. A 2014 study of 
proposal reviews for the Hubble Space Telescope also found that 
men were more successful than women in getting time. 
http://scim.ag/ESOgender 


of assets. His group also examined when 
governments should privatize services, 
noting the potential for a tradeoff between 
cost and quality, but also the possibility for 
competition to avert quality declines. 
http://scim.ag/2016EconNobel 


Nuclear R&D pact suspended 


moscow | Even during the Cold War, 
things were never this bad. Last week, the 
Russian government suspended an agree- 
ment with the United States on nuclear R&D 
cooperation and terminated another agree- 
ment to retool Russian research reactors to 
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no longer run on weapons-grade uranium 
fuel. The suspensions are largely symbolic, 
but nonetheless plunged relations between 
Russian and U.S. nuclear science communi- 
ties to a new low. The Russian government 
framed the suspension of the September 
2013 R&D agreement as a “countermeasure” 
to U.S. sanctions imposed on Russia after 

its annexation of Crimea in March 2014 

and U.S. support for rebels in eastern 
Ukraine. That suspension “is particularly 
unfortunate,’ says a U.S. official, because the 
agreement was “the first framework follow- 
ing the collapse of the Soviet Union in which 
the two sides came together as equals.” After 


Despite the suspension of nuclear R&D cooperation, 
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the Soviet Union collapsed in 1991, U.S. 
assistance to Russia’s nuclear establishment 
for many years was geared toward securing 
nuclear materials and redirecting weapons 
scientists to civilian projects. The Russian 
government stated that cooperation could 
resume when “justified by the general con- 
text of relations with the United States.” 


Europe signs onto climate deal 


STRASBOURG, FRANCE | The European 
Union and seven member states, includ- 
ing Germany and France, last week 
officially signed onto the global treaty to 
curb climate change reached in Paris last 
November. The deal sets a global target of 
slowing the flow of greenhouse gases into 
the atmosphere and holding temperature 
increases during this century to below 2°C. 
The European backing means the Paris 
agreement will have been adopted by more 
than 55 nations totaling more than 55% 
of greenhouse gas emissions—the level 
required for the agreement to take effect. 
The climate deal takes effect 30 days after 
hitting the two “55” targets. Although 

195 nations endorsed the agreement in 
Paris, each country then needs to go 
through its national process of approving 
the deal. In early September, the United 
States and China jointly pledged to offi- 
cially sign the agreement; India, another 
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major player in climate politics, approved 
it on 2 October. New Zealand and Canada 
also signed last week. Under the agree- 
ment, once a country has adopted it 

and it has taken effect, the country must 
wait at least 4 years to withdraw. 
http://scim.ag/climate55 


NEWSMAKERS 


Three Qs 


Biologist Cory Williams of Northern 
Arizona University in Flagstaff is using 
activity trackers akin to Fitbits to track 
the energy consumption of arctic ground 
squirrels in Alaska. In a recent study in 
Royal Society Open Science, he found that 
male squirrels spend more time outside 
of their burrows but are less active than 
females, which have limited time to spare 
when caring for their young but use it to 
forage for food. He chatted with Science 


Bumble bees prove their smarts 


Apes, crows, and parrots often get acclaim for their intelli- 
gence. But small-brained bumble bees can solve tasks that 
may impress even a bird cognition researcher, a new study 
suggests. String pulling is often used to assess the intel- 
ligence of animals such as birds and apes. So a team of 
cognitive scientists from Queen Mary University of London 
designed one for bees: a clear plastic table containing 


A tracker detects the arctic ground squirrel’s activity. 


about creating a squirrel Fitbit and 
how technology is improving ecological 
research. http://scim.ag/squirrelfitbit 


Q: Why arctic ground squirrels? 

A: [They’re] one of the only Arctic animals 
that keep a rigid schedule even when 
there’s no light/dark cycle for 6 weeks— 
meaning, they emerge from and return 

to their burrows the same time every day 
and they eat the same time each day. 


Bumble bees mastered 
a test used to assess the 
intelligence of birds and apes. 


three flat artificial blue flowers that each held a well of sugar water. To get the sugar water, 
the bee had to pull the flower out by tugging on an attached string (inset). The team put 
110 bees, one at a time, next to the table—and watched. Some tugged at the strings and 
gave up, but two kept at it until they retrieved the reward, the team reported last week 

in PLOS Biology. The team also placed untrained bees behind a clear plastic wall, where 
they could watch the other bees retrieve the water. More than 60% of the watchers knew 
to pull the string when it was their turn; furthermore, when trained bees were returned to 
their colony, a majority of the workers picked up string pulling by watching them—hinting 
at a rudimentary form of culture, the team says. 
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Q: What technology did you use for 

the trackers? 

A: The trackers were epoxied onto a col- 
lar that the animals wore. We used light 
loggers that ... detect the presence or 
absence of light to see if the squirrels are 
in their burrows. The accelerometers take 
measurements once every second in three 
axes of direction, which lets us measure 
the index of movement. 


Q: What could be done with the 
technology in the future? 

A: I'd like to implant a single device in 

an animal that can give us measures of 
physiology and behavior besides energy 
expenditure. ... Data on heart rate, metabo- 
lism, and what hormones it’s producing. 
And now that wireless charging is more 
common, we could recharge the implanted 
device and send the animal on its way. I’m 
interested to see how we can implement 
technology more into ecological studies. 


BY THE NUMBERS 


A401 


Lowest concentration of 
carbon dioxide, in parts per 
million (ppm), measured 
for 2016 at Mauna Loa in Hawaii 
in late September, before values 
climb again. The site may 
now have passed the 400-ppm 
mark permanently. 


0% 


Proportion of sperm count 
in boys conceived by 
injecting sperm directly into 
the egg, compared with boys con- 
ceived naturally. The sons 
probably inherited their fathers’ 
poor fertility, scientists say 
(Human Reproduction). 


Number of the seven new 
Nobel laureates in the natural sciences 
who were born in Scotland. 
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Better use of social science might have improved local intelligence before a 1983 bombing in Lebanon that killed the 241 service members listed on this memorial. 


U.S. INTELLIGENCE 


Spy agencies team up with National Academies 


Expanded ties include new board, first-ever survey of social sciences and security 


By Jeffrey Mervis 


n an unprecedented move, U.S. intelli- 
gence agencies are teaming up with the 
nation’s most prestigious scientific body 
in a bid to make better use of findings 
from the country’s leading social and be- 
havioral scientists. 

The partnership between the Office of the 
Director of National Intelligence (ODNI) in 
Tysons Corner, Virginia, and the National 
Academies of Sciences, Engineering, and 
Medicine aims to build bridges between 
communities that historically have either 
ignored one another or butted heads. The 
effort includes the creation of a permanent 
Intelligence Community Studies Board at the 
academies, which will meet for the first time 
next week, as well as a first-ever study of how 
social and behavioral science research might 
strengthen national security. 

David Honey, ODNI director of science 
and technology under Director of National 
Intelligence James Clapper, says he hopes 
that the new partnership will help the intel- 
ligence community improve how it collects 
and analyzes information. He and others are 
eager for help picking out useful and relevant 
research, as well as grasping where there is 
a lack of good science. Understanding “the 
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limitations of our knowledge,’ says Robert 
Fein, a national security psychologist in Cam- 
bridge, Massachusetts, and a member of the 
new intelligence board, “will help to protect 
us against armies of snake oil salesmen.” 
One area in dire need of better research is 
figuring out when people are lying, Fein says. 


“We're looking for truth. 
But we're particularly looking 
for truth that wor 


Charles Gaukel, National 
Intelligence Council 


After the start of the wars in Afghanistan and 
Iraq, he notes, intelligence agencies poured 
money into research on both mechanical— 
think polygraphs—and _behavioral—think 
interrogations—methods of detecting de- 
ception. But the results were disappointing, 
recalls Fein, who led a 2006 report on interro- 
gation techniques for the director of national 
intelligence. “Researchers overpromised,” he 
says, “and there were few useful results after 
millions of dollars were spent.” 

Even research that generated solid results 
had serious flaws, he adds. “For example, 
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none of the studies [of deception] involved 
people who didn’t speak English,” Fein notes, 
making them of questionable value for use in 
many current hot spots around the globe. 

Last week, Honey harvested the first fruits 
of the fledgling collaboration at a 2-day pub- 
lic summit in Washington, D.C., designed 
to feed ideas into the upcoming survey of 
social and behavioral science. Prominent re- 
searchers presented talks on everything from 
decision-making under stress to how social 
media fuel conspiracy theories. In addition, 
a panel of intelligence analysts offered a rare 
glimpse into their classified world and how 
scientific results need to be tweaked before 
they can be applied to intelligence and policy. 

“Scholars like to say, ‘In general, X is the 
case. But as practitioners, we are asked to 
respond to a specific situation; explained 
Charles Gaukel of the National Intelligence 
Council in Washington, D.C., which consists 
of senior officials from each of the 16 intel- 
ligence agencies across the government. 
Gaukel also debunked the popular notion 
that intelligence analysts try to forecast 
global events. “Our role is not to make predic- 
tions,” he said. “Rather, we try to give policy- 
makers a sense of what’s out there, and how 
the enemy is likely to respond.” 

The new survey won't follow the usual 
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blueprint for so-called decadal surveys, 
which look ahead 10 years. Traditionally, 
decadal studies help a particular discipline, 
such as astrophysics or geoscience, set pri- 
orities among competing facilities and proj- 
ects. They may also recommend how federal 
agencies can fill gaps and maximize their 
research portfolios. 

In contrast, the new study won’t seek to 
balance competing demands for scientific 
facilities or examine existing research port- 
folios at the intelligence agencies. Instead, 
Honey hopes it will identify current and fu- 
ture research areas that might be useful for 
national security. Speaking at the summit, 
Fein suggested that those on the decadal 
survey might want to convene a panel of in- 
telligence practitioners who would propose 
areas “that might benefit from the relevant 
perspectives, data, and knowledge” of social 
and behavioral scientists. 

“T can’t forecast what we will learn” 
from the study, Honey says. “But the his- 
tory of decadal studies shows their value in 
pointing to where the research community 
is headed.” 

The survey is expected to take 2 years, and 
more than 300 people have been nominated 
for the panel’s 18 slots. Despite that strong 
show of interest, some scientists who sup- 
port the effort worry that getting involved 
could harm their research because of public 
unease about the spy agencies’ activities. 

“Tm a citizen scientist, and I think this 
collaboration is great,’ says Paul Glimcher, 
a neuroeconomist at New York University 
in New York City who spoke at the summit 
about the Kavli HUMAN project, a deep 
dive into the behavior and characteristics 
of 10,000 New York City residents that he 
leads. But he says his team has “promised 
our subjects that the data will never be 
shared with the government. And I’m con- 
cerned they might react negatively to my 
being involved in a study funded by U.S. 
intelligence agencies.” 

Some observers see the new intelligence 
board as a successor to an ODNI science 
advisory panel that Clapper abolished af- 
ter becoming the nation’s top spy in 2010. 
“Tt seems like at least an admission that the 
abandonment of [that advisory board] was 
a mistake and that there is an important 
role for independent advice from academics 
to the intelligence community,” says Steven 
Aftergood, who leads the government se- 
crecy project at the Federation of American 
Scientists in Washington, D.C. 

Gaukel may have inadvertently given the 
pending decadal survey its marching orders 
during his summit talk on what intelligence 
analysts do. “We’re looking for truth,’ he 
said. “But we're particularly looking for 
truth that works.” 
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Artist’s impression 
of the Thirty 
Meter Telescope. 


As Hawaui deliberates, giant 
telescope considers new home 


State could prove inhospitable even if TMT wins permit 


By Daniel Clery 


f you are going to spend more than a bil- 

lion dollars building one of the world’s 

biggest telescopes, you’ll want to put it 

in a place with the best possible view of 

the stars. But in the case of the Thirty 

Meter Telescope (TMT), an instrument 
that promises unprecedented images of 
everything from the most distant galaxies 
to nearby exoplanets, builders may have to 
settle for second best. 

Next week, the fierce legal and cultural 
battle that has engulfed efforts to build the 
TMT on Mauna Kea, a 4207-meter-high 
peak in Hawaii, will reignite as state of- 


The sky’s the limit 


Troubles at Mauna Kea have forced the Thirty Meter 
Telescope to consider alternative sites. Lower eleva- 
tions generally offer inferior observing conditions. 


ELEVATION 
LOCATION (METERS) 
Mauna Kea, Hawaii 4050 
San Pedro Martir, Mexico 2830 
Roque de los Muchachos, Spain 2400 
Antofagasta region, Chile 2300-4500 
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ficials open a pivotal hearing on whether 
to allow construction. The peak is rated 
as the best observing site in the Northern 
Hemisphere, but for Native Hawaiians it 
is sacred land, and many residents oppose 
the project. “The risk [to the project] is 
by no means small,” says project manager 
Gary Sanders of the TMT International Ob- 
servatory in Pasadena, California, and “the 
cost of delay is significant.” So the proj- 
ect is also hedging its bets by considering 
alternative sites. 

The TMT is one of three giant telescopes 
expected to dominate ground-based op- 
tical astronomy beginning in the next 
decade. The European Extremely Large 
Telescope (with a 39-meter mirror) and the 
Giant Magellan Telescope (24.5 meters) are 
already under construction, both in Chile. 
The TMT was also supposed to be under- 
way by now, having won a construction 
permit from Hawaiian officials in 2011 af- 
ter a long approval process. But the project 
ground to a halt after Native Hawaiian pro- 
testers disrupted a 2014 groundbreaking 
ceremony and later blocked workers from 
reaching the site. Then in December 2015, 
native activists won a ruling from Hawaii’s 
supreme court that invalidated the TMT’s 
building permit because of procedural vio- 
lations. The court ordered the state’s Board 
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of Land and Natural Resources to reopen 
hearings designed to give the public a 
voice in the decision. 

The new hearings begin on Hawaii’s Big 
Island on 18 October and will last into late 
November. Sanders says the TMT’s appli- 
cation is essentially unchanged. Witnesses 
have already supplied written statements, 
and more than a dozen parties, mostly op- 
posing the project, will have a chance to 
ask questions. In the end, “it seems likely 
we'll get the permit,’ says astronomer 
Robert Kirshner, head of science programs 
at the Gordon and Betty Moore Foundation 
in Palo Alto, California, which has so far 
ploughed $180 million into the TMT. But 
any decision, which is unlikely before the 
end of the year, will probably end up again 
in Hawaii’s supreme court. 

Even if the TMT ultimately gets a go- 
ahead, supporters worry that continuing 
opposition may make it difficult to build, 
staff, and operate the telescope. Protests 
on the mountain have become heated at 
times, according to press reports, and there 
have been arrests. “We can’t take risks with 
people’s safety,’ Sanders says. 

If Hawaii proves inhospitable, the TMT 
will try to relocate. Since this past February, 
experts have been reviewing alternative 
sites, including several that were studied 
when the TMT began serious planning in 
the mid-2000s. Cerro Armazones, a peak in 
northern Chile, was a favorite for the TMT, 
but it is now ruled out because Europe’s 
giant scope is taking up residence. Other 
sites nearby are in contention. But moving 
the TMT to Chile would put all three giant 
telescopes in the Southern Hemisphere, 
where they would be unable to see much of 
the northern sky. 

Potential Northern Hemisphere sites in- 
clude San Pedro Martir in Baja California 
in Mexico and Roque de los Muchachos on 
La Palma, a Spanish island off the Atlantic 
coast of Morocco. “Our friends in La Palma 
are pushing hard” to get the TMT, says Matt 
Mountain, president of the Association of 
Universities for Research in Astronomy in 
Washington, D.C. But neither alternative 
matches the seeing conditions on Mauna 
Kea, and they would bring extra cost and 
complication. The project has already ruled 
out sites in the Himalayas, put forward 
by India and China—both TMT partners 
along with the United States, Japan, and 
Canada—because they are too far from 
ports and have short construction seasons. 

The TMT governors are expected to 
choose their top alternative site later 
this month. Regardless of what happens 
in Hawaii, the governors have vowed to 
start construction—on Mauna Kea or 
elsewhere—no later than April 2018. 


SCIENCE sciencemag.org 


AIDS 


Surprising treatment ‘cures’ 
monkey HIV infection 


Antibody keeps SIV suppressed, but it’s unclear how 


By Jon Cohen 
66 ascinating.”” “A complete first.” 

“Striking.” “Too amazing to be 
real.” Those are some of the re- 
actions researchers are having 
to a provocative, baffling monkey 
study suggesting that a mono- 
clonal antibody used to treat inflammatory 
bowel disease in humans might lead to a 
“functional” cure of an infection with the 
AIDS virus. 

HIV therapies have improved to the point 
that combinations of antiretroviral (ARV) 
drugs routinely knock 
down the virus so effec- 
tively that standard tests 
cannot detect it in the 
blood. Researchers have 
long sought strategies 
that would allow peo- 
ple to stop taking their 
ARVs without the virus 
rebounding—a functional 
rather than complete 
cure, because patients 
would still harbor the vi- 
rus, which integrates its 
genes into the DNA of a 
host’s cells. Yet save for a 
few notable exceptions, 
almost everyone who has 
stopped taking ARVs has 
seen the virus jump back 
to high levels a few weeks 
later. To keep the virus at 
bay, HIV-infected people 
must take ARVs for life. 

On p. 197, a team led 
by immunologist Aftab 
Ansari of Emory University School of Medi- 
cine in Atlanta describes infecting eight 
monkeys with SIV, the simian version of 
HIV, treating them with ARVs, and then 
infusing them with an antibody similar to 
an approved drug for Crohn’s disease and 
ulcerative colitis that targets a receptor on 
immune cell surfaces known as «487. More 
than 9 months after the ARVs and antibody 
treatments were stopped, all eight animals 
had low or undetectable levels of SIV in their 
blood. In seven SIV-infected control animals 
that received what amounts to a placebo 
antibody, the virus rebounded to high levels 
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This SIV-infected monkey shows far less 
virus (red-yellow) after treatment with an 
antibody to «487 (bottom). 


within 2 weeks of stopping ARVs. “The re- 
sults knocked us out, they were so stunning,” 
says co-author Anthony Fauci, an immuno- 
logist who heads the U.S. National Institute 
of Allergy and Infectious Diseases (NIAID) in 
Bethesda, Maryland. 

Ansari stresses that animals treated with 
anti-o487 remain infected. “They’re not 
cured—far from it,’ Ansari says. Moreover, 
he and Fauci don’t know how the treatment 
works. “It has made us think 10 times over, 
‘What the hell is going on in the system?” 
Ansari says. “It’s really a puzzle.” 

He, Fauci, and other AIDS researchers be- 
came interested in «487 
because it is found on 
the surface of CD4 cells, 
the immune cells that 
are the main target of 
HIV. The protein helps 
CD4 cells home in on the 
gut, where they gather 
in large numbers. Un- 
fortunately, o487 can 
also bind to HIV’s surface 
protein, which makes 
CD4 cells far more sus- 
ceptible to infection and 
explains why the virus 
destroys those cells in 
the gut early in an infec- 
tion. Ansari and Fauci 
were also tantalized by 
results from an earlier 
monkey study they con- 
ducted, which showed 
that the a487 antibody 
could thwart infection 
with SIV. They proposed 
a straightforward mecha- 
nism for the protection: The antibody re- 
duced the CD4 cells’ tendency to home in on 
the gut, providing fewer targets for any AIDS 
virus there. 

Weirdly, the monkeys in the new experi- 
ment had higher levels of a«4(87-studded 
CD4 cells in their guts. And a novel posi- 
tron emission tomography/computerized 
tomography scan that can show tagged 
viruses revealed that the animals treated 
with the anti-a487 had higher levels of 
SIV than the control animals in some 
parts of the body, such as the small intes- 
tine. The treated monkeys did show signs 
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of immune responses that might have 
helped them control SIV, but none was 
particularly strong. 

“Everything they expected to happen 
didn’t happen, but what did happen was 
interesting,” says Steven Deeks, a clinician 
who conducts HIV cure studies at the Uni- 
versity of California, San Francisco. “The 
immune system is unknowable, dynamic, 
complicated, and it always surprises you.” 

Despite the lack of a clear-cut mecha- 
nism, immunologist Rafick-Pierre Sékaly at 
Case Western Reserve University in Cleve- 
land, Ohio, predicts the apparent success 
will trigger a bevy of new studies. “That 
paper is going to orient the research in a 
completely new direction,” he says. Sharon 
Lewin, a leading HIV cure researcher at the 
Peter Doherty Institute for Infection and 
Immunity in Melbourne, Australia, says the 
work “has very convincing data” and that 
it’s “a really impressive finding.” But Lewin 
adds a word of caution echoed by many, 
including the study authors: “Whether it’s 
a quirk of the monkey model, we don’t 
know,’ she says. 

It’s also possible that anti-a487 worked 
because the experimental design tipped 
the scales toward success in a way that 
doesn’t reflect a typical HIV infection. For 
one thing, Ansari and Fauci’s team started 
the monkeys on ARVs 5 weeks after infec- 
tion, which is far earlier than most people 
start treatment. Louis Picker, an immuno- 
logist who develops AIDS vaccines at Ore- 
gon Health & Science University, Beaverton, 
also wonders whether the SIV used might 
have been weakened, as his own experi- 
ments with the same strain have produced 
far higher peak levels of virus in the blood 
of untreated animals. 

Picker suspects some undefined im- 
mune response explains the viral control. 
“What this experiment appears to be do- 
ing is nudging the viral/immune balance 
to the host rather than the virus,” he says. 
“T suspect if you took an antibody to CD4 
and did the same experiment you’d see the 
same thing.” 

But Picker allows that no other group has 
yet published similar results. And perhaps 
most important, unlike the CD4 mono- 
clonal antibody, the one against «487 has 
a human version, vedolizumab, already 
approved for clinical use. Indeed, NIAID 
began studies of it in HIV-infected people 
3 weeks ago. The trial, which hopes to en- 
roll 20 people, is mainly a safety assess- 
ment, but participants will go off ARVs, and 
then the researchers will closely monitor 
them to see whether their HIV levels rise 
or remain suppressed. “We're going to find 
out very soon whether this is all a bunch of 
nonsense or actually works,” Fauci says. 
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NANOTECHNOLOGY 


Chemistry Nobel heralds age 
of molecular machines 


Primitive parts have evolved into more useful devices that 
pump, drill, move, and assemble other molecules 


By Robert F. Service 


he automated textile loom, patented 

in 1785, helped launch the Industrial 

Revolution. But early specimens were 

finicky and fussy handmade contrap- 

tions. Gears, rollers, and yarn shuttles 

regularly broke down, and inventor 
Edmund Cartwright never made 
any money. Yet 40 years later, 
fully automated, steam-powered 
looms were the norm, and the 
world never looked back. 

That developmental arc could 
now be happening for molecular 
machines. Last week, the 2016 
Nobel Prize in Chemistry went to 
a trio of researchers who in the 
1980s and ’90s painstakingly created the 
first simple devices out of molecular rings 
and rods: Jean-Pierre Sauvage of the Univer- 
sity of Strasbourg in France, Fraser Stoddart 
of Northwestern University in Evanston, 
Illinois, and Bernard Feringa of the Univer- 
sity of Groningen in the Netherlands. Today, 
more than 3 decades later, the components 
they devised are giving birth to mechanisms 
with potentially useful abilities: pumping, 
drilling, transporting, and assembling other 
molecules. “I think we will see this nascent 


machines.” 


Fraser Stod 


CHEMISTRY NOBEL 


“... for the design and 
synthesis of molecular 


Jean-Pierre Sauvage 


Bernard Feringa 


field take off with applications over the next 
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several years,” says R. Dean Astumian, a 
physicist at the University of Maine, Orono. 

In 1983, Sauvage started things off by us- 
ing a copper ion to knit together two inter- 
locking rings of organic compounds. He later 
figured out how to inject ions to chemically 
trigger the rotation of one ring as it passed 
through the other. Though that simple mo- 
tion didn’t do anything useful, 
the efficiency of the reactions en- 
ticed other researchers. Stoddart 
followed that up nearly a decade 
later by looping an electron- 
deficient molecular ring around a 
dumbbell-shaped molecule with 
electron-rich patches at either 
end, to which the ring would 
stick. He then added heat to flip 
the ring back and forth between the ends: a 
rudimentary shuttlecock. Feringa upped the 
complexity another notch in 1999 when he 
created a rotary motor capable of using light 
to spin a pair of molecular paddles. 

Like Cartwright’s loom, these primitive 
molecular machines were quirky, difficult 
to control, and wholly impractical. But to- 
day’s molecular machines work better and 
accomplish much more. Since developing 
the original paddle wheel motor, Feringa’s 
team has developed dozens more that, for 
example, move water droplets and control 


dart 
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Artist’s impression of an electrically 
powered nanocar on a copper surface. 


chemical reactions. In 2011, he and his col- 
leagues attached four motors to the corners 
of a chassis, creating a molecular car able 
to drive across a surface. Next spring, six 
teams are scheduled to race their electri- 
cally powered molecular cars across a gold 
surface in the first-ever NanoCar Race in 
Toulouse, France. 

Other researchers are dreaming up new 
uses for molecular motors. Last month, 
for example, Jim Tour, a chemist at Rice 
University in Houston, Texas, reported 
preliminary work at a meeting that he and 
his colleagues had modi- 
fied a motor to act as a 
molecular drill bit able 
to target cancer cells. 
Attached to the drill 
are small protein frag- 
ments, called peptides, 
which home in on cell 
surface receptors specific 
to cancer cells, bringing 
the drill into position. 
When let loose in cell 
culture media, the ma- 
chine drilled holes in the 
cell membranes. Down 
the road, Tour hopes to 
use the approach not 
only to tear apart cancer 
cells, but also to create 
openings in other dis- 
eased cells for inserting 
gene therapy drugs or 
other medicines. 

Stoddart’s original 
shuttlecock has spawned 
a set of switchlike devices 
that respond to light or 
heat. In 2007, he teamed 
up with Jim Heath, a 
chemist at the California 
Institute of Technology in Pasadena, and 
others to assemble millions of switches into 
a molecular memory device. The devices 
were fragile, lasting only a hundred switch- 
ing cycles or so, Heath says. Since then, 
Stoddart and his Northwestern colleagues 
have packed their switches inside porous 
crystals to make these memories more 
durable. Eventually, Stoddart says, assem- 
blies of nanoswitches could form the basis 
for molecular scale sensors, and possibly 
even computers. 

Not all ideas are so Silicon Valley. At the 
University of Manchester in the United 
Kingdom, researchers led by chemist David 
Leigh are taking an approach that would 
have been at home in his city’s 19th cen- 
tury mills. In 2010, Leigh reported that he 
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Six teams are set to drive molecular 
cars across a gold surface next year at 
the NanoCar Race. 


and his colleagues made a small molecule 
that walks down a molecular track—a 
miniature railroad—much as_ biological 
motor proteins called kinesins haul cargo 
across cells by walking along scaffolds 
known as microtubules. Last year, his team 
made another device evoking heavy indus- 
try: a sort of robotic arm capable of lifting a 
small hydrocarbon, swinging it around, and 
dropping it a couple of nanometers away. 
Combining the two machines could make a 
molecular assembly line. 

Biology is providing other inspiration. 
During photosynthesis, plants use proteins 
driven by the sun’s energy to pump ions 
against a chemical gradient, storing en- 
ergy that other proteins 
harness to synthesize 
sugars needed for the 
plant to grow. Research- 
ers can’t accomplish 
anything so _ sophisti- 
cated yet. But last year, 
Stoddart and his col- 
leagues reported creat- 
ing a simple molecular 
pump that uses chemi- 
cal energy to squeeze 
molecular rings onto a 
rod, in effect storing en- 
ergy. And in 2013, Leigh’s 
group imitated a ribo- 
some, the cellular organ- 
elle that builds proteins, 
by triggering a molecule 
to march down a mo- 
lecular rod, pick up three 
amino acids and link 
them together. That’s 
not anything § macro- 
scale machines can’t do 
already. But it may spur 
other molecular-scale 
chemical synthesizers. 

For now, these chem- 
ists struggle with power- 
ing, controlling, and even imaging their 
devices. When it comes to nanomachines, 
molecular biologists have it easier: 
They can edit genomes to code for novel 
protein-based pumps and motors, then 
rely on cells to actually build them. But the 
new molecular machines that the chemists 
are devising have the potential to operate 
efficiently in harsh environments, without 
the need to keep organisms alive. 

Molecular machines haven’t exploded 
into a new industrial revolution just yet. 
Tour says the revolution will come in 
time, and could be even more far-reaching 
than that of the 19th century. “In 100 to 
200 years, I think we will fabricate every- 
thing from the bottom up” using molecular 
machines, he says. & 


Published by AAAS 


POLAR SCIENCE 


Joint research 
push targets 
fast-melting 
Antarctic ice 


U.K-U.S. “Thwaites 
invasion” aims to refine 
sea-level rise estimates 


By Paul Voosen, in Sterling, Virginia 


f there’s one question that scientists 
working on the West Antarctic Ice Sheet 
hear from their friends and families, it’s 
this: “How fast is the sea going to rise?” 
The ice sheet is one of the biggest wild 
cards in sea-level projections for the next 
century, threatening up to several meters of 
rise. It was once expected to be stable for 
centuries, but satellite and airplane observa- 
tions have shown that parts of the sheet are 
thinning and could become unstable. When 
that might happen is uncertain, with esti- 
mates ranging from as soon as the next few 
decades to the next few centuries. 

In a bid to refine these estimates, this 
month the National Science Foundation 
(NSF) and the United Kingdom’s Natural 
Environment Research Council will an- 
nounce a project to support coordinated 
fieldwork on the Thwaites Glacier, a remote, 
Oklahoma-sized expanse of ice that is emerg- 
ing as the epicenter of melt on the West Ant- 
arctic Ice Sheet. Although NSF declined to 
disclose exact figures, the initiative will likely 
provide tens of millions of dollars for Antarc- 
tic research and infrastructure over 5 years. 

The “Thwaites invasion” will be “the big- 
gest thing to happen in our area of science 
for quite a long time,” said David Vaughan, 
director of science at the British Antarctic 
Survey in Cambridge at an annual interdis- 
ciplinary workshop for West Antarctic scien- 
tists held last week in Virginia. The initiative 
aims to feed data directly into the sea-level 
forecasts produced by the Intergovernmen- 
tal Panel on Climate Change. “We want real 
outcomes that improve projections,” he said. 

Several recent studies have found 
evidence of ice retreat and thinning at 
Thwaites and other West Antarctic glaciers 
draining into the Amundsen Sea. Thwaites 
is a textbook example of why the health of 
such glaciers concerns scientists. It has a 
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wide front on the ocean’s edge and sits on 
ground below sea level, where warming wa- 
ters can slowly melt its base. For now, this 
deep water is held back by a submerged 
ridge, but on the landward side the bedrock 
slopes down into a basin of uncertain topo- 
graphy and slipperiness. Once water sur- 
mounts this grounding line, it could trigger 
a slow but irreversible collapse of the ice 
sheet. If the entire West Antarctic Ice Sheet 
melts over many centuries, it would raise 
sea levels by 3.3 meters, inundating cities. 
The rise would be 30% worse for the coastal 
United States thanks to a decline in Antarc- 
tica’s gravitational pull. 

Thwaites seems to be thinning faster 
than neighboring glaciers, adding to con- 
cerns. But from the evidence coming from 
satellites, airplanes, and models, it remains 
difficult to say for sure whether the melting 
at Thwaites represents a true tipping point 
for the planet or how fast it might happen. 

Those alarming studies “set the tone 
for the [past] 2 years,’ said Ted Scambos, 
a scientist at the U.S. National Snow and 
Ice Data Center in Boulder, Colorado, who 
helped devise the initiative. At a series of 
meetings, U.K. and U.S. scientists realized 
they were both focusing on Thwaites. Given 
tight budgets, a joint, targeted campaign 
made sense. “We already know what the 
right things to do are,’ Scambos said. They 
just have to do them. 

Many measures are needed to improve 
projections, including a clear picture of the 
land hidden beneath Thwaites: Is it smooth 
and slippery, or rough enough to hold the 
sheet in place? Another vital question is the 
stability of ocean-facing ice cliffs as they 
grow in height during glacial retreat: At 
what height do they fail? To answer such 
questions, the initiative will support a mix 


of fieldwork on the ice sheet and in the sur- 
rounding sea. Projects could include new 
automatic weather stations, sub-ice shelf 
moorings, robotic submersibles, shallow ice 
cores, and radar and seismic surveys of the 
bedrock. The project will also finance mod- 
eling, paleoclimate reconstruction, and re- 
search on glaciers deemed directly relevant 
to Thwaites. It will support 5-year missions, 
beginning next October, with the primary 
field seasons expected between fall 2019 
and spring 2021. 

Thwaites is far from any U.S. station, 
and about as remote from existing infra- 
structure as one can get in Antarctica. 
Working there is “at the limit of people’s 
comfort level,’ says Chris Shuman, an Arc- 
tic scientist at NASA Goddard Space Flight 
Center in Greenbelt, Maryland. It has a rug- 
ged surface and harsh weather. To make 
these campaigns happen, Vaughan said at 
the meeting, “we are committing a huge 
amount of our logistics resources.” 

Although NSF will continue to support 
investigator-driven research in Antarctica, 
this campaign will unavoidably ding the fi- 
nancing for other projects, Eric Saltzman, 
head of NSF’s Antarctic science program in 
Arlington, Virginia, told the meeting. “Will 
it have an impact? Yes.” U.K. polar research 
will likely feel a similar strain. 

Despite the sacrifices, the approach 
seems “sensible,” says Martin Siegert, a 
polar scientist at Imperial College London 
who has worked on the East Antarctic Ice 
Sheet. Thwaites surely holds universal les- 
sons, he notes. At the meeting, Robin Bell, 
an Antarctic scientist at Columbia Univer- 
sity, added that she and her colleagues have 
a responsibility to the public to provide 
answers about the fate of West Antarctica. 
“This is a moral and social imperative.” & 
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Chinese 
scientist jailed 
over theft of 
hybrid corn 


Investigators used secret 
terrorism warrant to gather 
evidence and unravel plot 


By Mara Hvistendahl, in Des Moines 
6 6 have destroyed everything that I 
wanted,” said Mo Hailong, sobbing 
with remorse here in U.S. District 
Court on 5 October. “My reputation, 
my job security, my family’s respect. 
My heart is broken because I know 
that I am to blame.” An engineer by train- 
ing, Mo had earlier pleaded guilty to having 
participated in an elaborate plot to steal pro- 
prietary hybrid corn seed and transport it to 
China, where scientists could presumably an- 
alyze and reconstruct its traits. After his sear- 
ing statement and plea for mercy last week, 
Mo was sentenced to 36 months in prison. 
The U.S. Department of Justice of late has 
aggressively pursued charges of industrial 
espionage against Chinese scientists. Several 
high-profile cases have unraveled, including 
one involving the chair of Temple University’s 
physics department (Science, 13 November 
2015, p. 732). This time, the charges stuck. 
“The theft of agricultural trade secrets, and 
other intellectual property, poses a grave 
threat to our national economic security,’ U.S. 
Attorney Kevin E. VanderSchel for the South- 
ern District of Iowa here said on 5 October. 
The case, which began in 2011 when Mo 
was discovered on his knees in a remote test 
field in Tama County in Iowa, led to the in- 
dictment of Mo and five co-defendants in De- 
cember 2013, for what the U.S. government 
alleged was a highly orchestrated conspiracy 
to steal the germplasm, or genetic makeup, of 
DuPont Pioneer and Monsanto corn seed. The 
companies and the U.S. Attorney’s office de- 
clined in court filings to release details about 
the seed varieties in question, citing the need 
to protect trade secrets. New hybrid seeds are 
so closely guarded that even the farmers who 
manage test fields aren’t given many details 
about the varieties they are growing. 
The government claimed that Mo, as di- 
rector of international business for Beijing 
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Corn dries on the ground in China’s Shandong province. A Chinese scientist was sentenced to prison last week for his role in a plot to spirit stolen corn seed to China. 


Dabeinong Technology Group, or DBN, a 
leading Chinese agricultural firm, was en- 
listed in a scheme to swipe whole ears of 
corn as well as spring seedlings and transport 
them to China. 

DBN was apparently looking for a short- 
cut to producing new, high-yielding varieties. 
Government restrictions on selling foreign 
seed mean China lags behind the United 
States in seed technology, says Carl Pray, 
an agriculture expert at Rutgers University, 
New Brunswick, in New Jersey. Companies 
have to develop their own varieties, an ef- 
fort that, if done right, has “about a 10-year 
pipeline,” says David Miller, director of re- 
search for the Iowa Farm Bureau Federation 
here. By “stealing [seed] in year 9 of the re- 
search,” he says, a company could sidestep 
significant groundwork. 

China has a pressing need for high-yielding 
corn. Most corn in China is fed to pigs, chick- 
ens, and cows, and as the Chinese improve 
their standard of living and eat more meat, 
corn has supplanted rice as China’s leading 
crop. But the U.S. Department of Agriculture 
forecasts Chinese corn yield for 2016-17 at 
6 metric tons per hectare, compared with 
nearly 11 metric tons per hectare for the 
United States. That’s because of a combina- 
tion of poor agronomy practices and inferior 
seed lines, Miller says. 

The alleged kingpin of DBN’s scheme to 
rapidly close that yield gap was Li Shaoming, 
the head of DBN subsidiary Beijing Kings 
Nower Seed. According to court proceedings, 
Mo, a 47-year-old U.S. permanent resident 
with a Ph.D. in mechanical engineering from 
Kansas State University in Manhattan who 
has taught at several universities in Florida, 
took directions from Li and DBN’s founder, 
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Shao Genhuo, who is Mo’s brother-in-law. 
“There is no evidence that [Mo] was either 
the decision-maker or the organizer of what 
occurred in the United States,’ stated U.S. 
District Judge Stephanie Rose here in Des 
Moines. Charges are still pending against Li 
and four other defendants, who are overseas 
and have not been apprehended. The case 
against Mo’s sister, Mo Yun—the wife of DBN 
Founder Shao and the company’s head of 
research—was dropped in 2015 after a judge 
ruled out critical evidence. 

When a DuPont Pioneer manager caught 
Mo in the test field, according to an af- 
fidavit submitted by Federal Bureau of 
Investigation (FBI) agent Kevin Kohler, 
Mo claimed that he worked for the Uni- 
versity of Iowa and was on his way to a 


“The theft of agricultural 
trade secrets, and other 
intellectual property, poses a 
grave threat to our national 


economic security.” 
Kevin E. VanderSchel, U.S. attorney 


conference. Suspicious, the manager took 
down Mo’s license plate number. The seed 
grown in the test field was a “highly an- 
ticipated” variety—no other details about 
it were made public—that DuPont Pio- 
neer planned to bring to market within 
2 to 3 years, Kohler wrote. 

FBI agents spent months collecting evi- 
dence implicating Mo and his co-defendants 
by installing GPS tracking devices on their 
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rental cars, bugging the vehicles’ interiors, 
and even flying drones overhead. They did 
so using a warrant intended for monitoring 
terrorists and foreign government agents, 
which investigators obtained under the 
Foreign Intelligence Surveillance Act. In a 
court filing, Mo’s attorneys called the war- 
rant a “breathtaking and unprecedented 
expansion” of the government’s use of the 
act. Judge Rose disagreed, however, allow- 
ing evidence collected under the warrant. 

In January, Mo pleaded guilty to one 
count of conspiracy to steal trade secrets. 
The crime carries a maximum of 10 years 
in prison and a $250,000 fine, but as a con- 
dition of his plea agreement, Judge Rose 
agreed to limit prison time to 5 years. She 
reduced his sentence to 36 months in the 
hearing last week because Mo is in remis- 
sion from synovial sarcoma, a rare cancer. 
“Mo appreciates the certainty that the sen- 
tencing hearing brings and the ability to be- 
gin putting this matter behind him and his 
family,’ defense attorney Mark Weinhardt 
of Weinhardt & Logan here wrote in a state- 
ment emailed to Science. 

Meanwhile, Chinese firms are making 
more legitimate inroads into agricultural 
R&D beyond its borders. Last February, for 
instance, China National Chemical Corpora- 
tion announced a planned $43 billion take- 
over of Swiss seed company Syngenta. Two 
months later, Bill Niebur, a former general 
manager for DuPont Pioneer who oversaw 
the company’s Asia operations, was ap- 
pointed CEO of the Chinese seed company 
Origin Agritech. As Mo sat in court await- 
ing his sentence, Origin Agritech quietly 
opened its first branch outside China—here 
in Des Moines. 
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By Martin Enserink and Leslie Roberts 


ost people would not shed a tear if mosquitoes disappeared from 
the planet. At best, the bloodsucking critters are a nuisance; at 
worst, as events such as this year’s massive Zika epidemic in Latin 
America have shown, they spread devastating diseases far and 
wide. But for now, the best we can do is beat back the threat. That’s 
because the weapons we have developed—including insecticides, 
window screens and bed nets, repellents, and plain old swatting— 
are far from perfect. 

The mosquito that infects untold millions with malaria every 
year—Anopheles gambiae, pictured on these pages—is developing resistance to 
pyrethroids, a class of insecticides developed decades ago. No alternatives have 
come online for years, in part because the compounds don’t promise big prof- 
its for companies. Scientists are busy working on long-overdue replacements; 
meanwhile, they are devising ways to use pyrethroids more efficiently while 
they last. Others hope to turn African homes into clever mosquito traps using 
humans as bait. 

Insecticides have never worked very well against Aedes aegypti, the species on 
the cover of this issue, which transmits not just Zika, but also dengue, chikun- 
gunya, and yellow fever. Some scientists hope to fight it by releasing billions 
of designer mosquitoes. They would carry either a lethal gene that can cause 
populations to crash, or a helpful bacterium that protects mosquitoes from viral 
invaders. Brazil, which has suffered more from Zika than any other country, is a 
testing ground for both strategies. The battle continues. 


http://science.sciencemag.org/ 
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Brazil plans to release billions of 
designer mosquitoes to stop the spread 
of infectious diseases. Will it work? 


By Kelly Servick, in Brazil 


very Saturday morning, Maria do 
Carmo Tunussi goes door to door 
asking her neighbors to scour their 
houses and yards for flowerpots, 
buckets, clogged gutters—anything 
that could collect water and offer 
mosquitoes a place to breed. For 
17 years, Tunussi has been a commu- 
nity health agent at the local clinic 
in CECAP/Eldorado, a district of about 5000 
people in the small city of Piracicaba, 2 hours 
northwest of Sao Paulo, Brazil. She has seen 
many surges of the mosquito-borne dengue 
virus, which causes fever, nausea, and ago- 
nizing joint pain. The task sometimes feels 
futile. “You remove the breeding site one 
day, and the next day, it’s back,” she says. “It 
never ends.” 

Last April, CECAP became the first 
neighborhood in Piracicaba to try something 
new—a mosquito control tool that Tunussi 
believes not only stamped out dengue, but 
kept the Zika virus from taking hold. That 
tool is OX513A—a strain of transgenic Ae- 
des aegypti mosquitoes designed to reduce 
the population by passing a lethal gene to 
their offspring. 

In Florida, a planned release by Oxitec, the 
company behind the insects, is mired in pub- 
lic resistance. But here in Piracicaba, few res- 
idents seem to bat an eye at the little clouds 
of mosquitoes spilling out the window of the 
Oxitec van on its slow morning route. 

That may be because dengue is so com- 
mon here. The virus sickened about a mil- 
lion and a half people in Brazil last year, and 
more than 1600 in Piracicaba between July 
2015 and July 2016. Panic over the spread of 
the Zika virus has only amplified interest in 
solutions beyond pesticides, which aren’t all 
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that effective against A. aegypti, and breed- 
ing site removal, which, despite Tunussi’s ef- 
forts, is hard to keep up year after year. So 
it’s not surprising that, 7 years after releasing 
the world’s first genetically modified (GM) 
mosquito, Oxitec has chosen Brazil as the 
site of a major scale-up. It is moving from 
small-scale pilot projects like the one in 
CECAP to planned releases covering tens of 
thousands of people. 

Indeed, Brazil is becoming a proving 
ground for tailored mosquitoes. About 
600 kilometers to the east, in the coastal 
cities of Niterdi and Rio de Janeiro, another 
lab strain of mosquitoes is on the wing. Bred 
by a nonprofit organization called Eliminate 
Dengue, this one is infected with a bacte- 
rium called Wolbachia pipientis that pro- 
tects it from infection with dengue, Zika, and 
a third virus named chikungunya. 

Most scientists are confident that both 
mosquito strains are safe for humans and 
the environment. But the two projects are 
radically different in both their scientific ap- 
proaches and their funding models. Whether 
either one can actually reduce rates of 
mosquito-borne disease is still an open ques- 
tion. And if either proves effective, Brazil and 
many other developing countries will face one 
more question: Does buying and releasing 
billions of mosquitoes make economic sense? 


OXITEC’S BRAZILIAN headquarters, in the in- 
dustrial city of Campinas, stinks of the soggy 
fish food used to feed mosquito larvae. Here, 
the company can usher about 4 million mos- 
quitoes a week through their life cycles: from 
an ashy powder of eggs to writhing gray 
strands of larvae, then dense black pupae the 
size of rice grains, and, finally, flying adults 
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Oxitec’s transgenic 
mosquitoes swarm 
out of a container in 
Piracicaba, Brazil. 


bouncing around in plastic tubs the size of 
take-out containers. 

They are roughly the 200th generation of 
descendants from a single mosquito created 
14 years ago in a University of Oxford lab in 
the United Kingdom, where geneticist Luke 
Alphey and his team inserted a new gene 
into insect embryos. It codes for a protein 
known as a transcriptional activator, which 
drives the expression of other genes by bind- 
ing to DNA and certain proteins involved 
in transcription. But the gene Oxitec uses, 
known as ?tTAV (tetracycline-repressible 
transcriptional activator variant) is designed 
to drive the expression of even more ¢7AV in 
what becomes a fatal feedback loop. 

How the process kills mosquitoes isn’t en- 
tirely clear; the excess tTAV protein may tie 
up the cell’s protein production machinery. 
“Tt basically causes genetic havoc, and the 
organism dies,’ says Al Handler, an insect 
geneticist at the U.S. Department of Agri- 
culture in Gainesville, Florida. 
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Oxitec mosquitoes bearing the lethal gene 
grow up feeding on tetracycline, an anti- 
biotic that blocks ¢TAV activity and keeps 
them alive. Males, which don’t bite humans, 
are released in towns and cities, where they 
mate with wild females. Their offspring 
quickly accumulate the lethal protein, and 
the vast majority die before maturing. 

Alphey focused on A. aegypti in part be- 
cause it’s the principal transmitter of den- 
gue, a major global health problem. Malaria, 
although a greater burden, is carried by 
multiple Anopheles species, making genetic 
control more difficult. Aedes is also easier to 
rear, exists at low population densities that 
seemed easier to cut down, and, compared 
with other mosquitoes, is harder to control 
with measures such as bed nets, Alphey says. 

Picking Aedes also made business sense. 
It is prevalent in middle-income countries 
like Brazil that could potentially afford to 
evaluate and regulate the new product— 
and, eventually, to buy it. Alphey spun out a 
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company in 2002, backed by private venture 
capital firms and Oxford. Last year, the U.S. 
synthetic biology behemoth Intrexon Corpo- 
ration purchased Oxitec for $160 million. 
Oxitec has built up scientific evidence— 
and a business case—through field trials in 
countries where regulators were friendly to 
experimental releases. The first, in the Cay- 
man Islands in 2009, was largely unknown 
to the world until Oxitec shared results, and 
it stirred criticism that the company had 
rushed a GM organism into the field with- 
out properly consulting the public (Science, 
19 November 2010, p. 1030). But the results 
were encouraging: Oxitec reported roughly a 
96% reduction in the mosquito population in 
the tiny 0.16-square-kilometer release area. 
Oxitec also did field tests in Panama and 
Malaysia, and it put down roots in Brazil 
through an academic collaboration with the 
University of Sao Paulo and the nonprofit re- 
search facility Moscamed. Between 2011 and 
2013, the team released Oxitec mosquitoes 
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in three neighborhoods in the northeastern 
state of Bahia. It reported at least 90% popu- 
lation reductions in all three. 

But the collaboration was rocky. Oxitec 
provided the mosquitoes and its expertise, 
but funding for releases and data collection 
came primarily from Bahia, and collabora- 
tors clashed over how involved the company 
should be in the research. An independent 
evaluation of the product would have been 
more valuable, says Margareth Capurro, 
a University of Sao Paulo, Sao Paulo, bio- 
chemist who co-led the project. “We [fought] 
for a year because they wanted to be first 
and last authors.” Andrew McKemey, Oxitec’s 
head of field operations in Abingdon, U.K., 
says company scientists were rightfully in- 
cluded in the papers they helped produce. 

The Bahia results helped Oxitec win ap- 
proval from Brazil’s National Technical Com- 
mission for Biosecurity to release mosquitoes 
commercially. They also impressed Pedro 
Mello, Piracicaba’s health secretary. Mello’s 
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office, on the eighth floor of a municipal 
building, overlooks a prosperous downtown 
area of red tile roofs and a new Oxitec bill- 
board: “The friendly mosquitoes are arriving 
in the central Piracicaba district.” As he ex- 
plains the project, Mello scribbles figures on 
printer paper and punctuates his points with 
underlines, then hastily crumples the sheets. 

This is no academic collaboration; Mello’s 
department is investing in a potential solu- 
tion to the city’s mosquito problem. Because 
Oxitec doesn’t have market clearance from 
Brazil’s National Health Surveillance Agency 
yet, the city’s payments are classified as a 
“contribution” to the project. Releases began 
in CECAP last year and are now expanding 
to 10 downtown neighborhoods, encompass- 
ing 12 km? with nearly 60,000 residents. 

To make that possible, Oxitec is setting 


The white plastic tubs are hidden like over- 
sized Easter eggs—under stairwells, beside 
doorsteps, in an alcove behind a pile of ply- 
wood and old bicycle parts. 

The adults that escape from the tubs carry 
Wolbachia, a parasite thought to occur nat- 
urally in about 60% of all insect species. It 
wasn’t until 2005 that researchers coaxed 
the bacterium to take up residence in A. 
aegypti. Then the co-founder of Eliminate 
Dengue, medical entomologist Scott O’Neill 
at Monash University in Melbourne, Aus- 
tralia, discovered that Wolbachia-infected 
mosquitoes fed blood spiked with dengue 
or chikungunya were much less likely to 
test positive for the virus (and to transmit 
it) than controls. Earlier this year, research- 
ers from the Oswaldo Cruz Foundation (Fio- 
cruz), the national public health institute 


5 years. Eliminate Dengue aims to make a 
permanent change to a mosquito population 
and move on—a key difference from Oxitec’s 
solution, which would have to be applied 
year after year, lest the population rebound. 
But both approaches have only local effects; 
Wolbachia does not spread much beyond the 
area where it’s unleashed. 

Brazil is one of several countries where 
Eliminate Dengue is testing a scale-up of 
releases in urban areas. It has presented 
unexpected challenges. A few weeks after 
the first release, Fiocruz’s Luciano Moreira 
saw a drop in the percentage of Wolbachia- 
infected mosquitoes. It turned out that the 
lab strain, which had never been exposed to 
insecticides, was so much less resistant to 
them than wild mosquitoes that it couldn’t 
compete in the heavily sprayed release area. 


Fixing mosquitoes to fight disease 


Lab-reared mosquitoes being tested in Brazil by Oxitec and Eliminate Dengue are designed to have inviable offspring or block pathogens. 


up a new facility just outside town, where 
it hopes to produce about 30 million mos- 
quitoes a week by this fall, then scale up to 
60 million—30 times the current produc- 
tion at its Campinas site. That’s far be- 
yond what Oxitec needs for Piracicaba, 
says Glen Slade, director of the company’s 
Brazilian subsidiary in Campinas. Slade 
says he is in “advanced discussions” with 
other municipalities. 


IF OXITEC’S MOSQUITOES are on a suicide 
mission, Eliminate Dengue’s are mission- 
aries, designed not to wipe out wild mos- 
quito populations, but to transform them. 
On a drizzly morning in the Niterdi favela 
of Jurujuba, the research team spreads out 
across hillsides of crumbling concrete to 
restock egg release containers, which about 
130 households here have agreed to host. 


166 14 OCTOBER 2016 * VOL 354 ISSUE 6309 


that collaborates with Eliminate Dengue in 
Brazil, reported similar results with Zika. 

Researchers suspect that the parasite com- 
petes with the virus for limited resources 
inside mosquito cells; Wolbachia may also 
activate its host’s immune system, helping it 
fight subsequent infections. Because Wolba- 
chia is only passed to offspring through eggs, 
spreading it requires the release of females, 
which can bite. But because of the bacte- 
rium, the females pose no transmission risk, 
O’Neill says. 

Eliminate Dengue has released mosqui- 
toes in more than 40 areas in Australia, 
Vietnam, Indonesia, Colombia, and Brazil, 
funded largely by grants from the Bill & 
Melinda Gates Foundation. Studies showed 
that the parasite can spread to the point of 
“fixation” over the course of 10 to 20 weeks, 
and remain in the population for at least 


The team spent 3 months crossing lab mos- 
quitoes with wild ones—actually driving up 
their resistance—until they matched the 
hearty natives. 

Another complication: Certain neighbor- 
hoods that might host future releases are 
dominated by the drug trade. Visiting one of 
them in Niterdi felt “like something out of a 
science fiction movie,’ O’Neill says. “We had 
to wind our windows down so that people 
could see us in the car as we drove in. There 
was a horse with a big gash down its side 
that was being used for transport and bul- 
let holes in all of the walls at ground level,” 
he says. “If we are able to successfully de- 
ploy [the project] there, I think we can de- 
ploy it just about anywhere in the world.” 


THE LOOMING QUESTION for both projects 
is simple: Do these disease-fighting mos- 
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quitoes actually reduce disease? “The goal 
here is not to kill mosquitoes. It’s to prevent 
people from getting infected and sick and 
dying,” says Thomas Scott, an epidemio- 
logist and insect ecologist at the University 
of California, Davis. So far there’s no proof 
that either approach does that. It may seem 
intuitive that fewer infectious mosquitoes 
mean fewer infections, but just a few A. 
aegypti may be enough to transmit disease 
through a susceptible population, Scott says. 

In July, Oxitec published numbers show- 
ing that dengue cases in CECAP dropped 
91% over the previous year—from 133 to 12. 
The rest of the municipality saw only a 52% 
reduction. But Scott notes that dengue out- 
breaks are episodic: “You can have an epi- 
demic in one town and no transmission in 
the one next door, and the next year, it can 
be flipped.” 

The last word on efficacy would come 
from trials that monitor disease in residents 
of neighborhoods randomized to receive 
mosquitoes or act as controls. These two 
groups are inherently leaky, because people 
are mobile; that means such studies have to 
be large—and costly—to be meaningful. In 
March, a World Health Organization working 
group chaired by Scott deemed both Oxitec’s 
and Eliminate Dengue’s strategies worthy of 
“carefully planned pilot development” but 
called for large epidemiological studies. 

Eliminate Dengue already has an efficacy 
study underway in Yogyakarta, Indonesia, 
which will track disease rates in 24 areas of 
about 14,500 people each, half of which will 
receive Wolbachia mosquitoes. A network of 
clinics across the city is testing continuously 
for dengue over 2 years. An even larger study 
is being planned in Vietnam. Oxitec, mean- 
while, is enlisting independent experts to de- 
sign a trial tentatively slated for 2018. 

Over the long term, both kinds of modi- 
fied mosquito could lose their edge, be- 
cause evolutionary pressure could select 
for resistance to either Oxitec’s lethal 
gene or Wolbachia’s virus-fighting powers. 


EVEN IF EITHER TYPE of mosquito—or both— 
proves a success, there’s still the issue of the 
cost. Not every community in Brazil will 
likely be able to afford mosquitoes, which 
raises new questions, says Fred Gould, an 
insect geneticist at North Carolina State Uni- 
versity in Raleigh. “There’s a whole issue of 
justice: Who gets these mosquitoes and who 
doesn’t? Who gets Zika and who doesn’t?” 
The Fiocruz facility makes about 40,000 
Wolbachia-infected mosquitoes a week to 
supply roughly 300 release containers, but a 
new facility will have a capacity of about 12 
million a week. Eliminate Dengue was not 
able to provide an estimate of current costs 
in Brazil, but aims to bring them down to 
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$1 per person or less. 

Oxitec’s mosquitoes are currently more 
expensive. The Piracicaba expansion will 
cost the city roughly $11 million over 
2 years—some $10 per person in the treated 
area—about half of which will come out of 
the existing mosquito control budget. Oxitec 
itself is paying even more than that, says 
Slade, but it’s too early to tell how much the 
mosquitoes will cost if they are reared on a 
much larger scale. “It’s only when you roll 
up your sleeves and build a factory that you 
know what your costs are.” 

Oxitec’s plan to sell the mosquitoes before 
the epidemiological evidence is in troubles 
some scientists. “Theyre good salesmen— 
that’s the bottom line,’ says population ge- 
neticist Jeffrey Powell of Yale University. 
“They go out and they talk to the people 


She, like a handful of other researchers, 
is betting on so-called gene drives, which 
bias the inheritance of a particular gene to 
quickly and irreversibly spread it through 
the population (Science, 27 November 2015, 
p. 1014). Capurro is working on a gene allow- 
ing mosquito cells to recognize an enzyme 
produced by the dengue virus and release a 
self-destruct signal. 

Such strategies may be more difficult to 
get approved because they would make an 
entire wild population transgenic. Oxitec’s 
transgenic males and their offspring die 
within days, which has gone a long way to 
appease GM-wary regulators, says entomo- 
logist Zach Adelman of Texas A&M Univer- 
sity, College Station. 

In the long run, Adelman and Capurro 
envision a time when public health 


Technicians separate male from female mosquito larvae in Oxitec’s Brazil production facility. 


in various countries saying, ‘We’ve got this 
magic bullet?” And the need for continu- 
ous mosquito releases is a serious economic 
downside, adds molecular entomologist 
Marcelo Jacobs-Lorena of Johns Hopkins 
University in Baltimore, Maryland. “It is a 
forever proposal,” he says. “That may be good 
for the company, but maybe not so good for 
the overall control efforts.” 

For Slade, the dramatic population re- 
ductions already show that Oxitec’s ap- 
proach works far better than pesticides, 
which are also a “forever proposal.” “TI 
personally don’t accept that without [an 
epidemiology study], we don’t have the 
evidence that this is the best tool,” he says. 


EVENTUALLY, other alternatives will hatch. 


In Margareth Capurro’s Sao Paulo lab, larvae 
from new transgenic strains line the shelves. 
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departments can shop for a strain of disease- 
fighting mosquito that makes the most sense 
for them. Some may want an inexpensive 
option that doesn’t require indefinite re- 
leases, for instance, whereas residents in 
some areas may be uncomfortable with bit- 
ing females. Some may want to combine 
approaches—knocking the population down 
before introducing a new gene. “You'll have 
a market rather than one game in town,’ 
Adelman says. 

Piracicaba does not want to wait for that 
market—or even for more definitive evidence 
that Oxitec’s mosquitoes work. Being the 
first city in Brazil to pay for an experimental 
disease-fighting mosquito was a calculated 
risk, Mello says. “Everything you do in the 
public sector has risks,’ he says. “But I still 
think the biggest risk is to let people die with- 
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out giving them any kind of alternatives.” & 
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“Everything in my life 
involves mosquitoes,” 
Bart Knols says. 

“They're my passion.” 
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THE ELIMINATOR 


In humankind’s war against insect-borne disease, Dutch 
entomologist Bart Knols is one of the most creative warriors 


here is only a faint glimmer of blue 
light on the stage, barely illuminat- 
ing the man who just sat up in bed. 
A mosquito can be heard buzzing 
about, then a slap. “Gotcha,” the 
man says. As the lights go up, he 
points to a blood fleck in the palm 
of his right hand. The location is 
Maastricht, the Netherlands, and 
the man is Dutch entomologist Bart Knols. 
Still in bed, he stares at the audience through 
his round glasses. “Mosquitoes. I hate them,” 
he says. “Don’t you?” Then Knols gets up, 
and, dressed in boxer shorts and a polo shirt, 
delivers a 10-minute talk entitled “Three new 
ways of killing mosquitoes.” 

Knols has studied mosquitoes for a 
quarter-century. He seems to have come up 
with a new way of killing them every other 
year. In the 2012 TEDx Talk, he presented 
three ideas: simulating human odor to lure 
mosquitoes into traps; teaching dogs to rec- 
ognize the smell of mosquito larvae, so they 
can sniff out breeding sites; and flooding hu- 
man blood with a drug that kills mosquitoes 
when they bite. 

Knols has since championed other 
schemes; using drones to spray insecticides, 
for instance, or letting a fungus kill mos- 
quitoes. His latest plan, modifying African 
houses to become big mosquito traps, is now 
being tested in a huge, $10 million trial. In 
humanity’s war with mosquitoes, Knols is 
one of its most creative warriors. 

And creativity is needed. Despite decades 
of research, mosquitoes are still the deadliest 
animals in the world, spreading diseases that 
sicken hundreds of millions of people annu- 
ally and kill more than 600,000. Decades- 
old insecticides are still the most important 
weapon (see Feature, p. 171). “Where is the 
innovation?” Knols asks. 

His obsession has led to an unusual ca- 
reer. Knols has won both the Ig Nobel Prize, 
a spoof award for unusual or trivial research 
results, and the prestigious Dutch Eijkman 
Medal for tropical medicine. He has an im- 
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pressive list of high-profile publications, 
but feels academic science doesn’t nearly 
have enough impact. That’s why in 2012 
he left Wageningen University & Research 
(WUR) in the Netherlands to co-found a 
startup named In2Care, which sells human 
odor-baited mosquito traps. Knols is also 
the Dutch media’s go-to guy for mosquito 
stories. He combines sometimes-dire pre- 
dictions about the threat of mosquito-borne 
disease with what some call a knack for 
public engagement. Others call it a knack 
for self-promotion. 

Many say Knols can be difficult to get 
along with, and he has a history of get- 
ting into tussles with collaborators. Just 
last month—after Science had interviewed 
him—Knols announced that his relation- 
ship with In2Care would soon end. “I think 
one of Bart’s key strengths is his energy and 
commitment to make change and ultimately 
save lives, says entomologist Matthew 
Thomas of Pennsylvania State University 
(Penn State), University Park, who leads the 
mosquito trap trial in Africa. “The downside 
is that his doggedness can ruffle feathers.” 


KNOLS STARTED MAKING headlines early on. 
As a Ph.D. student at WUR, he and his col- 
league Ruurd de Jong tried to find out which 
human odors attract mosquitoes. “Man, we 
turned the lab into a smelly place,’ Knols 
says. They lured mosquitoes with everything 
from pads worn under their armpits or in 
their groin area to used tampons. One day 
Knols put his worn socks on top of a cage. 
“These things went crazy for it,’ he says. Feet 
often have a cheesy odor, so the next question 
seemed natural: Does cheese work as bait? 
As it happened, mosquitoes found cheese 
from Limburg, the southern province where 
Knols was born, particularly irresistible. 

It was vintage Knols: quirky research with 
a serious core. “The bacteria that create the 
aroma of some of these smelly cheeses may 
actually originate from human skin, and 
therefore you may attract malaria mosqui- 
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toes with the aroma,” he says. When Parasito- 
logy Today published the study in 1996, 
Knols also penned a letter in The Lancet, 
bragging that medical entomologists were 
now taking cheese with them around the 
globe. “Whether or not they will manage to 
attract another mosquito species with Lim- 
burger cheese remains to be seen,” he wrote; 
“Gf not, they can always eat it.)” 

Journalists around the world loved it—as 
did the Ig Nobel jury—but the study’s impact 
on the field was modest, some scientists say. 
“Tt’s a nice story, but you wouldn’t use cheese 
to catch mosquitoes,” says Janet Hemingway, 
an entomologist at the Liverpool School of 
Tropical Medicine (LSTM) in the United 
Kingdom. Today, scientists are still working 
on a good attractant for malaria mosquitoes, 
she notes. Knols says they are still testing 
blends based on his work with cheese. 

After getting his Ph.D., Knols worked at 
the International Centre of Insect Physiology 
and Ecology (ICIPE) in Nairobi for 5 years, 
three of them leading the malaria program at 
a field station in Mbita Point, Kenya, on the 
shores of Lake Victoria. In 2003, he joined 
the International Atomic Energy Agency in 
Vienna, which has a long-running research 
program that uses radiation to create sterile 
insects, which can help reduce natural popu- 
lations. He went back to WUR in 2006. 

“Everything in my life involves mosqui- 
toes. They’re my passion,” Knols writes on 
his website. “I love to research them. But 
I prefer to eliminate them.” His torrent of 
proposals for doing so elicits mixed reac- 
tions. “He is adopting a bit of a shotgun 
approach,” says LSTM entomologist Philip 
McCall. “Maybe if he had fewer, refined 
weapons, he might press people more” to 
try them. But Andreas Rose, an entomo- 
logist at Biogents, a company in Regens- 
burg, Germany, sees his prolific creativity 
as a strength, though he notes that Knols 
at times unwittingly adopts other people’s 
ideas as well. “He’s like a composer who 
maybe has heard a melody on the radio that 
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he then incorporates in his work,” Rose says. 

Knols’s media presence has raised eye- 
brows among colleagues, and some find 
him too alarmist. He often warns about 
the threat of epidemics and exotic mosqui- 
toes; when the Asian bush mosquito (Aedes 
japonicus) showed up in the Netherlands, 
for instance, Knols said it might be able to 
transmit Zika, and, if so, a major door-to- 
door eradication effort would be called for. 
“Sometimes we are watching with surprise 
how strongly he asserts things,” a spokes- 
person for the Dutch National Institute for 
Public Health and the Environment told the 
newspaper NRC Handelsblad. 


KNOLS IS AN ADMIRER of Fred Soper, a leg- 
endary U.S. scientist at The Rockefeller 
Foundation who in the late 1930s helped 
Brazil get rid of a massive infestation of 
Anopheles gambiae, Africa’s main malaria 
vector. An authoritarian figure, Soper hired 
thousands of workers in a military-style cam- 
paign to fumigate buildings and treat breed- 
ing sites with a poison called Paris green. 
“Soper had the willpower, the passion, the 
energy and the leadership qualities neces- 
sary to carry out a campaign in such a large 
area,’ Knols wrote in a 2009 book. 

He is a force to be reckoned with himself. 
“He is uncompromising and he pushes a sin- 
gular Knolsian view of the world,’ McCall 
says. “His approach to getting traction is to 
really push ideas hard,’ Thomas says—and 
sometimes the rhetoric gets ahead of the 
science. “His contribution is as an agent of 
change and someone who is trying to shake 
the system up.” 

His stint at ICIPE ended in a dramatic 
fashion after he accused a fellow scientist 
of misconduct, a claim then-ICIPE Director- 
General Hans Herren dismissed. Herren says 
he fired Knols for insubordination and called 
in the police after Knols blocked the main 
entrance at Mbita Point, essentially trying to 
take control of the station. “It was a pity re- 
ally, because Knols had great ideas. But you 
can only tackle malaria by working together.” 
Knols says Herren must be confused about 
the 14-year-old incident: “I never ever was 
involved in any protests or demonstrations,” 
he says. Both say they have since buried 
the hatchet. 

Irish entomologist Gerry Killeen re- 
signed from ICIPE at the same time to 
protest Knols’s dismissal. “Am I always 
thrilled about the way Bart approaches 
myself or other people? No. But it doesn’t 
mean that he’s wrong,” he says. Killeen, 
now at the Ifakara Health Institute in Dar 
es Salaam, Tanzania, says Knols fostered a 
great atmosphere at Mbita Point. “People 
felt they were really doing something; that 
they could make a contribution, develop as 
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scientists, and compete globally.” 

Knols’s most ambitious project so far 
brought both his talents and problems into 
sharp focus. In 2012, In2Care partnered with 
Biogents, Penn State, and others on an EU- 
funded project to develop a new way to kill 
mosquitoes. The partners met in Tanzania in 
February 2013 to discuss the project. “After 
looking at some houses, we just sat down 
in the shade of a mango tree and started 
brainstorming,” Rose recalls. One result was 
what’s now called the “eave tube.” African 


Turning a house into a trap 

A big study in lvory Coast seeks to kill mosquitoes by 
bricking up the open space under the roofs of houses 
and installing eave tubes that have an insecticide- 
coated net on the inside. 
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houses often have open eaves, which mos- 
quitoes use as an entryway. The idea was 
to brick off these openings and install a few 
polyvinyl chloride, or PVC, tubes, open to the 
outside to allow mosquitoes in; inside the 
house, the tubes are closed off by an electro- 
static netting coated with an insecticide. 
The concept unites several ideas. Instead 
of a chemical attractant, it uses the humans 
in the house as bait. The netting—originally 
developed to filter pollen out of the air— 
gives insecticide particles an electric charge, 
making them stick better to the insects. The 
idea is “brilliant,” Killeen says. “I wish I had 
thought of that.” In 2014, the first eave tubes 
were tested in houses in Tanzania. After 
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the EU project ended, the partners secured 
$10 million from the Bill & Melinda Gates 
Foundation for a randomized controlled trial 
in Ivory Coast. In 20 villages, houses are be- 
ing equipped with eave tubes, while villagers 
receive insecticide-treated bed nets; 20 other 
villages get only bed nets. The team will test 
blood samples from 50 to 60 kids per village 
for malaria every 2 weeks. Results should be 
in by 2019. 

It would seem like the chance of a lifetime 
for Knols—an opportunity to see at least one 
plan all the way through a large trial. But 
his apparent conflict with In2Care has made 
further involvement unlikely. The company 
says Knols is no longer working for it, but 
its co-founders—including two younger 
entomologists trained at WUR—declined 
to answer questions. Knols himself says he 
will leave in the near future but provided no 
details. “I’m a man who is constantly on the 
search for new things, and I explore things,” 
he says. “And that is not always what other 
people like—let’s put it that way.” 


IN HIS 2009 BOOK, Knols drew a sobering 
conclusion about his academic work un- 
til then. “I doubt whether the knowledge I 
added has saved the life of even one African 
child,” he said. Seven years later, he’s more 
optimistic: With the traps and the eave tube 
project, “I strongly feel that we have made 
contributions to public health improvement.” 

But much more is possible, he says. The 
problem with today’s mosquito control is 
that it suffers from too much talking and 
increasingly relies on “community partici- 
pation,’ which is difficult to sustain, Knols 
wrote in his book; he scorned Aruba, where 
during a dengue outbreak schoolchildren 
were given a note asking their parents to 
remove mosquito breeding sites around the 
home. “Soper ... would have cleaned up this 
entire island of fewer than 200 square kilo- 
meters within a few months,” he lamented. 

That’s why in 2010, he co-founded another 
company, Soper Strategies, which seeks to 
combine his hero’s approaches with modern 
technology to rid islands or entire countries 
of their mosquito populations in “meticu- 
lously planned elimination campaigns, exe- 
cuted with military precision and discipline,” 
as the website puts it. Candidate countries 
include Cape Verde, South Africa, and Saudi 
Arabia. Knols hoped to use Aruba to show 
that elimination Soper-style can work, but 
failed to secure the funding. Other clients 
have yet to come forward. 

Knols believes it’s just a matter of time. 
In his book, he even wondered whether 
“one day soon, a new Soper will stand up.” It 
seemed clear who he had in mind. 


With reporting by Martin Enserink. 
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To test insecticide 
efficacy, mosquitoes 
are exposed to strips 
of treated bed nets. 


PICK YOUR POISON 


As mosquitoes develop resistance to pyrethroid insecticides, 
researchers are forced to look for alternatives 


hen Janet Hemingway 
started her career’ in 
mosquito research in 1977, a 
child was dying of malaria 
every 10 seconds. Yet the 
disease, and the mosquitoes 
that carry it, were low on the 
global health priority list. 
Today, the landscape has 


SCIENCE sciencemag.org 


By Kai Kupferschmidt 


been transformed. Scientists at the pres- 
tigious Liverpool School of Tropical Medi- 
cine (LSTM) in the United Kingdom, which 
Hemingway now heads, and elsewhere 
have sequenced the genomes of at least 
23 mosquito species, looking for clues that 
might help them conquer the disease. And 
malaria has surged to the top of the global 
agenda. Thanks to a bolus of new funds, 
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deaths have been halved. And halved again. 

But one thing hasn’t changed. The world 
still relies on the same class of insecti- 
cides, known as pyrethroids, as it did in 
1977. Now, in part because of that neglect, 
these compounds may be nearing the end 
of their useful lives as mosquitoes develop 
resistance to them at alarming rates, and 
there is little in the pipeline to replace 


14 OCTOBER 2016 * VOL 354 ISSUE 6309 171 


on October 16)2016 


Downloaded from 


NEWS | FEATURES 


y fi 
TODD insect Foc Srmucates 
Memes Cmexty bs for: ms? 

LL State Pork Comm 


— 
Zeek 
yr 
- 
| 
Se 
ae 
’ . 
AAS We Sat ee. 
’ So SSS SSS SSS 
: ia 1 <8 - e y oie 
. ( > . 
<A a Cee Sn oe 
_ * ere ee ~ oS 
“Sta a 


A fogging machine is tested at Jones Beach in New York in 1945. Mass spraying of DDT led mosquitoes to develop resistance. 


them. “If we don’t do something about this 
very quickly, we have a public health catas- 
trophe on our hands,” Hemingway says. 

Pyrethroids have played an _ outsize 
role in the global fight against malaria in 
the last decades. They are the main com- 
pounds used to spray the inside walls of 
homes—so-called indoor residual spray- 
ing, or IRS—to kill the Anopheles mosqui- 
toes that transmit the disease. And they 
are the only insecticides that can be used 
on bed nets. Much of the global success 
in fighting malaria has come from these 
two interventions. In a Nature paper last 
year, a group led by Simon Hay at the Uni- 
versity of Oxford in the United Kingdom 
estimated that between 2000 and 2015, 
some 633 million malaria deaths were 
averted, with 68% of that decline due to 
insecticide-treated bed nets and 10% to 
IRS. (Treating people with antimalarial 
drugs accounted for the remaining 22%.) 
Pyrethroids have also played a role in the 
fight against Aedes aegypti, the main mos- 
quito transmitting the yellow fever, den- 
gue, and Zika viruses, even though bed 
nets are less effective against A. aegypti 
because it predominantly bites people out- 
doors and during the day. 

Pyrethroids have several distinct advan- 
tages: They kill mosquitoes efficiently, act 
rapidly, and, although toxic, are safer for 
humans than the alternatives. But when 
the massive rollout of insecticide-treated 
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bed nets began in Africa in the early 
2000s—more than a billion have been 
distributed—little thought was given to re- 
sistance, says Maureen Coetzee, director of 
the Wits Research Institute for Malaria at 
the University of the Witwatersrand in Jo- 
hannesburg, South Africa. “Nobody dreamt 
that insecticide resistance would spread 
the way it has spread throughout Africa.” 

Scientists shouldn’t have been sur- 
prised, however. An earlier insecticide, 
DDT, played a major role in driving down 
malaria cases starting in the 1940s. But 
in many places, resistance reversed those 
gains. In Sri Lanka, for instance, malaria 
was all but wiped out with the help of 
DDT, but by the end of the 1960s, when 
resistance was widespread, cases surged 
to more than half a million a year. By that 
time, Rachel Carson had highlighted the 
toxic effects of DDT in Silent Spring, and 
many nations banned its use. 

Nor has there been much incentive 
for companies to develop new mosquito- 
killing insecticides, which could be used 
in tandem with existing ones to slow the 
development of resistance. Most R&D has 
focused on agricultural chemicals, a far 
more lucrative market. “No publicly traded 
company is going to spend the money re- 
quired to discover and develop and take 
to the market an insecticide for public 
health,” says Nick Hamon, who heads the 
Innovative Vector Control Consortium 
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(IVCC) in Liverpool. “These companies are 
looking for $100 million in sales every year 
to have any chance of recouping the money 
for a new compound.” 

First detected in Ivory Coast in 1993, re- 
sistance to pyrethroids was relatively rare 
until about 10 years ago, when it began rac- 
ing across the continent (see map, p. 173). 
“Some countries are seeing an increase 
in malaria transmission, and resistance 
is one of the probable causes,’ Coetzee 
says. It’s hard to be sure, she says, because 
drug shortages or cutbacks of control pro- 
grams may also be taking a toll. But Hilary 
Ranson of LSTM thinks the problem is real 
and will only get worse. “I think insecticide 
resistance is a time bomb.” 

Many scientists have their hopes pinned 
on new approaches to vector control that 
would be less likely to run into resistance 
or prove toxic, such as mosquitoes geneti- 
cally modified to die young, traps that lure 
the insects to their death, or insecticidal 
bacteria or fungi (see Features, pp. 164 and 
168). “We need to diversify in terms of the 
kind of tools that we use to control mosqui- 
toes and not focus it entirely on chemical 
control,” says Willem Takken, a medical en- 
tomologist at Wageningen University & Re- 
search in the Netherlands. But Hemingway 
and other scientists caution that even if 
these new tools prove their mettle, they 
are years away at best. The first priority, 
Hemingway says, is to preserve and im- 
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prove the tools we know work. And to her, 
that means insecticides. 

That’s why, in 2005, Hemingway started 
IVCC, a public-private partnership that 
aims to develop entirely new classes of in- 
secticides and get them on the market in 
5 to 8 years. Since IVCC’s inception, the 
Bill & Melinda Gates Foundation has kicked 
in more than $200 million, and the U.S. 
Agency for International Development, the 
Wellcome Trust, and others have each con- 
tributed millions. In the meantime, IVCC is 
scrambling to help scientists find smarter 
ways to use existing insecticides or com- 
bine them with other interventions in a 
way that keeps resistance at bay. 

With IRS, one option is to switch to an 
insecticide from one of the other available 
classes: organochlorides, carbamates, and 
organophosphates. South Africa went 


Not only are bed nets the best weapon in 
the fight against malaria-carrying mosqui- 
toes, in many countries they are the only 
one. “Some countries still don’t have IRS 
as part of their program. They view it as 
too expensive and difficult to implement,” 
Ranson says. 

From 2011 to 2016, Ranson headed an 
EU-funded project called AvecNet to eval- 
uate new weapons to fight mosquitoes and 
take one through a clinical trial. The re- 
searchers eventually chose a net that com- 
bines pyrethroids with a compound called 
pyriproxyfen, which prevents mosquitoes 
from producing fertile eggs. “The idea is 
that if the mosquitoes are fully susceptible 
they will be killed by the insecticide, and if 
they are resistant they will pick up a dose 
of the sterilizing agent and the population 


will crash as well,” Ranson says. The group 
began testing the nets in 40 clusters of vil- 
lages in Burkina Faso in 2014; results of 
the trial should be known in a few weeks. 
“There is a lot riding on this,” Ranson says. 
“Tf it doesn’t show any improvement, then 
I doubt there will be any further clinical 
trials of it.” 

Another combination net is already 
on the market, but it’s not widely used 
because its efficacy is still in doubt. The 
net combines pyrethroids with a chemi- 
cal called piperonyl butoxide (PBO). PBO 
blocks enzymes that help resistant mos- 
quitoes break down pyrethroids, so, in 
theory, the mosquitoes should become 
susceptible again. Small-scale studies have 
suggested that the nets do work, but there 
haven’t been any large-scale clinical trials. 

To find new compounds for spray- 


back to using DDT, an organochloride, 
after an epidemic of malaria trans- 
mitted by pyrethroid-resistant mos- 
quitoes in 1999 and 2000. But many 
other countries avoid the insecticide— 
and not just for environmental rea- 
sons. DDT and pyrethroids also work 
through a very similar mechanism, 
so some mosquitoes resistant to pyre- 
throids are also resistant to DDT. 

Some countries have switched from 
pyrethroids to an organophosphate 
insecticide called actellic. But actellic 
is four times as expensive, Hemingway 
says. “Fewer houses are getting 
sprayed, because the money available 
hasn’t increased fourfold.” And with 
many countries switching to the same 
compound, there is a danger that resis- 
tance will emerge to it as well. 

Two new mosquito killers could be on 
the market as soon as 2017: SumiShield, 
developed by Japanese company Sumi- 
tomo Chemical, and chlorfenapyr, an 
insecticide mostly used to control cat 
fleas, developed by BASF. But both are 
seen as stop-gap measures. Although 
they are new to public health, these 
compounds have been used in agri- 
culture for years, so some mosquitoes 
may be resistant already. And Sum- 
iShield is a neonicotinoid, a class of 
compounds that faces public opposi- 
tion because it has been implicated in 
the mass die-off of pollinators. 

Finding replacement insecticides for 
bed nets is far trickier. Any insecticide 
used in a bed net “has to be safe enough 
that a child can put it in their mouth,” 
says Ranson, and only pyrethroids fit the 
bill. Pyrethroids also have a trait scien- 
tists call excito-repellency: They stimu- 
late mosquitoes to leave the net. Neither 
SumiShield nor chlorfenapyr does that. 
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Resistance movement 


Malaria mosquitoes that are resistant to pyrethroids have spread 
across Africa in recent years, stoking fears that malaria cases will 
rise again. 


Confirmed resistance to pyrethroids, 1993-2003 
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ing and nets, IVCC has partnered with 
several large chemical companies in- 
cluding BASF, Syngenta, and Sumi- 
tomo to screen more than 4 million 
compounds in their libraries. Over 
the next few months they will choose 
three to go into large-scale toxicology 
testing, Hamon says. Any candidates 
for bed nets will have to pass other 
demanding tests: In addition to be- 
ing safe, they will have to survive at 
least 20 washes and perform well for 
3 years. “We were just very lucky with 
the pyrethroid insecticides in the ’70s 
and ’80s,” Hamon says. 

Luck may not run out quite as fast 
as many fear. Although resistance 
to pyrethroids is widespread, its 
impact on public health is still un- 
clear. Even though a mosquito may 
survive a dose of an insecticide, the 
chemical may weaken it in some way. 
And the genes needed for resistance 
may take their own toll, perhaps by 
shortening a mosquito’s life span. 
If the insect survives for fewer than 
14 days, the malaria parasites won’t 
have enough time to mature to the 
stage where they can infect humans, 
says Matthew Thomas, an entomo- 
logist at Pennsylvania State Univer- 
sity, University Park. “There is some 
evidence to show that things like that 
can happen,” Thomas says. 

Insecticide resistance is going to 
matter at a certain point, he says— 
“What we don’t know is whether 
we are just approaching that point, 
whether it is 1 year away, or five or 
10.” Defeating diseases like malaria 
may depend not only on finding 
chemicals to kill mosquitoes, but also 
on understanding how the insects 
manage to survive them. 


14 OCTOBER 2016 * VOL 354 ISSUE 6309 173 


Downloaded from http://science.sciencemag.org/ on October 16, 2016 


— 
- 
- 


et ol 


—t <¢ 
2 
if 


== 


A — = 


PERSPECTIVES 


EPIDEMIOLOGY 


Sick birds dontt fly...or do they? 


Migratory birds were key to the spread of H5N8 viruses 


By Colin A. Russell 


n 2014, a new, highly pathogenic avian 
influenza virus (HPAIV) called H5N8 
caused outbreaks in poultry in East and 
Southeast Asia and spread across the 
Northern Hemisphere to Europe and 
North America. In the United States 
alone, H5N8 outbreaks resulted in the de- 
struction of more than 48 million poultry 
birds (1). International live-poultry trade and 
wild-bird migration have both been impli- 
cated in the intercontinental movement of 
H5N8 and other HPAIVs. H5N8 viruses have 
been found in wild birds (2-4), but strong 


174 14 OCTOBER 2016 + VOL 354 ISSUE 6309 


links between poultry outbreaks and _live- 
poultry trade or wild-bird migration have 
been elusive. On page 213 of this issue, the 
Global Consortium for H5N8 and Related 
Influenza Viruses (5) delineates the contribu- 
tions of live-poultry trade and wild-bird mi- 
gration to the global spread of H5NS8 viruses. 

Live-poultry trade and wild-bird migra- 
tion are both plausible mechanisms for the 
global movement of HPAIVs. The world’s 
poultry population exceeds 50 billion ani- 
mals, and the global network of live-poul- 
try trade is extensive. Furthermore, HPAIVs 
are most commonly found in, and are 
thought to originate from, poultry (6). Al- 
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though HPAIVs are less often found in wild 
birds, they have been collected from vari- 
ous wild-bird species, and wild birds are 
the natural reservoir of all avian influenza 
virus subtypes. Wild-bird migration has the 
potential to move viruses long distances 
and introduce them to new populations, 
particularly where migratory flyways over- 
lap (see the figure) (6, 7). 

To investigate the spread of H5N8 viruses, 
the Global Consortium combined analyses of 
epidemiological, genetic, and ornithological 
data from Asia, Europe, and North America. 
These data consistently point to a prominent 
role of wild birds in spreading the viruses 
from Asia into Europe and North America 
via circumpolar migratory flyways (see the 
figure). In contrast, international trade data 
from the Food and Agriculture Organization 
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(FAO) argue strongly against live-poultry 
trade as the mechanism of international 
H5N8 virus spread from Asia. Data for 2011 
show that East and Southeast Asia is over- 
whelmingly a net importer of live chickens 
and ducks from Europe and North America, 
with no reported exports to Europe or North 
America (8). These data do not, however, ac- 
count for undocumented poultry 
trade, which could be an impor- 
tant vehicle for the global spread 
of other HPAIVs or potential fu- 
ture recurrences of H5N8 viruses. 

A fundamental question about 
the H5N8 viruses is why they 
spread intercontinentally, where- 
as most other HPAIVs have not. 

The answers are likely to be 
pathological, virological, and 
ecological. 

One hypothesis against wild 
birds spreading HPAIVs is based 
on the adage that sick birds do 
not fly. Birds on the brink of death 
are unlikely to migrate, but mild- 
to-moderate infections might be 
only minor impediments to flight. 

In a recent experimental study 

of mallard ducks, many HPAIVs 

caused little or no illness, whereas 

H5N8 viruses caused moderate 

disease (9). H5N8-infected mal- 

lards shed virus at higher titers 

than birds infected with other 

viruses, indicating increased 

onward transmission potential. 

H5N8 viruses have been isolated from appar- 
ently healthy wild birds (10), suggesting that 
some infected birds could migrate without 
being hindered by illness. 

Additional questions remain about the 
H5N8 virus. The H5N8 hemagglutinin pro- 
tein reassorts more frequently with the neur- 
aminidase proteins from other influenza 
viruses than do other H5 virus hemaggluti- 
nins. Combined with the rapid spread of the 
H5N8 virus, the ability of this hemagglutinin 
to readily pair with proteins from different 
viruses implies high fitness. However, the 
biological underpinnings for this fitness are 
unexplained. Similarly, despite spreading ef- 
ficiently among wild birds in North America, 
H5N8 viruses have not been detected there 
since mid-2015, and this apparent extinction 
is not understood (11). 

Host ecology also plays an important role 
in the spread of human (12) and animal (6) 
pathogens. For HPAIVs, a critical step for 
intercontinental spread is getting into a 
mobile population. In poultry, viruses must 


SCIENCE sciencemag.org 


get into populations that will be exported. 
Timing of introduction relative to export 
is critical because onward transmission 
requires that birds still be infectious upon 
arrival. In wild birds, viruses must get into 
migratory species that can migrate after in- 
fection. As the Global Consortium shows, 
infecting species prone to long-distance mi- 
gration is particularly important. 

The risks posed by HPAIVs require that we 
attempt to mitigate their spread. Improving 
surveillance is an oft-repeated solution but is 


fraught with challenges. Enhancing surveil- 
lance in wild birds where migratory flyways 
overlap, particularly the Arctic, could pro- 
vide an early-warning system for the spread 
of new viruses. However, these overlaps 
cover huge geographic areas (see the figure) 
and involve enormous wild-bird popula- 
tions, each with its own complex ecology. For 
poultry, any sufficiently large population has 
the potential to harbor influenza viruses of 
concern for animal and human health. We 
urgently require detailed assessments of 
where surveillance is most needed and could 
have the greatest impact. 

We also require effective and economi- 
cally viable protocols for when and how to 
react to surveillance data, particularly from 
wild birds. Underreacting to surveillance 
data costs animal lives and money and de- 
values surveillance efforts. Overreacting 
costs money and breeds mistrust, as does 
continuing to react once a threat has passed. 
Detection of HPAIVs in migratory wild birds 
should trigger increased biosecurity on poul- 


try farms rather than actions against wild 
birds: Wild-bird populations are too large 
and HPAIVs spread too quickly for strategies 
like wild-bird culling to be effective. 
Development of global wild-bird and poul- 
try surveillance systems that can provide ac- 
tionable information in real time will require 
a globally unified reporting infrastructure 
and dramatic increases in funding. However, 
huge progress could be realized for a fraction 
of the economic cost of the H5N8 outbreaks 
in the United States, which cost more than 


US$3.3 billion (7) and could aid control of 
other pathogens. We must remember that 
surveillance is a process rather than a goal 
and thus requires stable, long-term financial 
support. After all, the threats posed by avian 
influenza viruses do not fluctuate according 
to research or government funding cycles. 
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Young phosphorylation is functionally silent 


Phosphorylation sites younger than 18 million years prevail in numbers, but not in function 


By Or Matalon,* Benjamin Dubreuil,* 
Emmanuel D. Levy 


n cell biology, important discoveries often 
relate to mechanisms that are conserved 
throughout evolution. Yet what makes 
any species unique are specific molecular 
changes accumulated during the course 
of evolution. Thus, it is just as important 
to identify differences between species as it 
is to characterize their underlying similari- 
ties (1). On page 229 of this issue, Studer et 
al. present such an evolutionary comparative 
analysis, revealing similitudes and, remark- 
ably, substantial differences in the phosphor- 
ylation landscapes of fungal species (2). 
Phosphorylation is a reversible posttrans- 
lational modification of proteins that can 
alter their structures and functions. This reg- 
ulatory mechanism is ubiquitous throughout 
eukaryotes, where it controls and amplifies 
responses to intra- and extracellular signals. 
Although the chemical process of phos- 
phorylation is evolutionarily conserved, the 
positions targeted for phosphorylation in 
protein sequences are not necessarily so. 
To characterize the evolution 
of this regulatory mechanism, 
Studer et al. identified phosphor- 
ylation events in the proteomes 
of 18 fungal species, expanding 
our view of this covalent mark 
beyond the canonical model or- 
ganisms (3-5). The work focuses 
on fungi, but covers a broad evo- 
lutionary time period. The group 
of closely related “Saccharomy- 
ces” fungi spans a divergence 
time of ~18 million years, which 
is comparable with the time sep- | 
arating humans from their last 
common ancestor (LCA) with 
the apes (see the figure). 
The authors analyzed 18 fun- 
gal proteomes with mass spec- 
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reconstruction of their probable evolutionary 
history. Sites specific to a species or a group 
of related species were inferred as having 
emerged recently, whereas those conserved 
throughout the lineage were inferred as be- 
ing old and likely present in their LCA. 
Studer et al. found that a mere ~2% of to- 
day’s phosphosites have been conserved since 
the LCA, ~700 million years ago (Ma). To put 
this in context, >73% of protein domains 
have been retained in all these fungi since 
their split from the LCA (6, 7), highlighting 
that phosphorylation sites can be lost during 
evolution much more rapidly than protein 
domains are. Accordingly, the authors also 
found phosphosites to be gained rapidly, with 
69% being younger than 18 million years in 
the baker’s yeast S. cerevisiae. In several con- 
trol experiments, the authors ruled out data 
coverage and condition-specific regulation 
as being responsible for this large fraction 
of young phosphosites. Moreover, using an 
even more conservative approach that takes 
adjacent sequence positions into account, 
39% of phosphosites were still found to be 
young and therefore not conserved. Such a 


Evolutionary phosphorylation insight 
(Top) Evolutionary tree of five representative fungal species for which Studer et al. characterized the phosphorylation (P) 
landscape (Sc, S. cerevisiae; Sb, S. bayanus; Ca, C. albicans; Kl, K. lactis; Sp, S. pombe). For reference, divergence times are 
shown between humans and their LCA for different branches of the tree of life (14). (Bottom) Phosphorylation is not invariably 
associated with function; many phosphosites are likely noisy, as reflected in their young age and lack of conservation. 
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lack of conservation appears to contradict 
the textbook view that phosphorylation is 
strictly controlled and regulates important 
functions. Whereas certain phosphorylation 
events do surely regulate function, many may 
not. Edwin Krebs himself, who received the 
1992 Nobel Prize with Edmond Fischer for 
the characterization of “reversible protein 
phosphorylation,” noted that there likely ex- 
ists a degree of phosphorylation noise (8). 
Noise—phosphorylation events not se- 
lected to carry out a specific function—can 
provide a simple explanation for the weak 
evolutionary conservation of phosphosites 
(9). Mechanistically, the low degree of se- 
quence specificity required for phosphory- 
lation implies that new kinase recognition 
motifs can frequently emerge by chance, 
without having been selected for, and hence 
need not be conserved. Kinase promiscuity 
means that even noncanonical substrates 
may be phosphorylated occasionally, so that 
abundant proteins can yield subpopulations 
detectable with mass spectrometry (10). 
Evolutionary noise—mutations that are 
not selected to carry out a specific func- 


- CGC Ww hm a kh 


Vertebrates 


Mammals Primates Apes 


o—=0 


69% of young ®) 


Sc 
Sb 
Ca 
Kl 
Sp 


65 Ma 


18 Ma 


Nonspecific noise 
Random off-target effects 
driven by mass action 


Arr) a 
ieee, 
* * 
‘ 


i, 
bras SP $8 


sciencemag.org SCIENCE 


GRAPHIC: ADAPTED FROM MATALON ETAL. BY V. ALTOUNIAN/SCIENCE 


Downloaded from http://science.sciencemag.org/ on October 16, 2016 


PHOTO: NIBSC/SCIENCE SOURCE 


tion—is in fact seen during evolutionary 
adaptation. Whether in yeast adapting to a 
new environment (//) or in cancer cells es- 
caping growth-control mechanisms (12), rare 
“driver” mutations arise in a background of 
“passenger” mutations that have a negligible 
impact on fitness. A common strategy to 
identify driver mutations is to find recurrent 
patterns across independent laboratory evo- 
lution experiments or cancer cell lines, such 
as mutations falling in the same genes. But 
to identify functional phosphosites, alterna- 
tive approaches must be envisioned because 
evolution cannot be replayed multiple times. 
The work of Studer et al. opens new avenues 
in this respect. They reveal that lineage-spe- 
cific preferences in phosphosite context have 
arisen across the fungal evolutionary tree. 
For example, proteins in the baker’s yeast 
lineage show a depletion in proline-based 
phosphosite context and an increase in nega- 
tively charged context. They also found that 
specific classes of proteins acquired phos- 
phosites in a coordinated fashion during 
specific time periods. These analyses suggest 
that global properties of phosphoproteomes 
are selected and therefore could be used to 
predict functional phosphorylation events. 
Equally important to predicting function will 
be our ability to filter out noise, which will 
require a more systematic consideration of 
protein abundance (J0) and phosphorylation 
stoichiometry (73). More generally, the large 
data set of ancient sites identified in this 
work will make it possible to contrast struc- 
tural and cellular properties of ancient and 
young sites (such as structural environment, 
presence of specific motifs, substrate inter- 
actions, expression, and localization) to dis- 
cover new mechanisms and circuits involved 
in functional versus noisy phosphorylation. 
Evolutionary cell biology is still in its 
early days (J). Thus, comparative proteomics 
efforts will be increasingly important to 
complement the postgenomic revolution, 
elucidate molecular differences between cell 
machineries across species, and fuel our un- 
derstanding of life and its history. 
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Shock and kill with caution 


Strategies to silence latent HIV infection should be explored 


By Robert C. Gallo 


ntiretroviral therapy has made life- 
long suppression of human immuno- 
deficiency virus (HIV) replication a 
possibility for some patients. But with 
the 2015 estimate of 36.7 million peo- 
ple infected worldwide, there is a great 
need to explore other ways to address this 
epidemic—from preventing new infections 
by treating uninfected high-risk individuals, 
to developing a vaccine, to targeting latent 
HIV that hides in immune cells and persists 
in patients. The idea of clearing latent infec- 
tion has prompted strategies aimed at an 
HIV-1 cure. Although this approach should 
continue to be tested, other approaches, 
including those that seek to permanently 
suppress the latent virus, should also be ex- 
plored. Different strategies may target differ- 
ent viral reservoirs, and may turn out to be 
complementary. 
The existence of T cells harboring latent 
HIV-1 provirus was first described in 1986 (J), 
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as was the demonstration that activation of 
those T cells “reawakened” HIV-1 expression 
(2). The importance of these latently infected 
cells, however, came to the forefront follow- 
ing the work of several clinical investigators 
(3) who showed that these cells persist long 
after anti-HIV therapy and virus suppression, 
and periodically release HIV-1, presumably in 
response to a milieu favorable to T cell ac- 
tivation. The idea then arose that HIV-1 in- 
fection would be curable if latent virus could 
be deliberately reactivated. This would lead 
to T cell death, either directly from HIV-1 
cytopathic effects or by cytotoxic T lympho- 
cytes (CTLs). Concurrent anti-HIV therapy 
would block new rounds of infection. This 
idea has been called “shock and kill” or “kick 
and kill; and has spawned numerous studies 
(4), clinical trials, and discussions at meet- 
ings. Part of this impetus was provided by an 
enduring focus on one patient, the so-called 
“Berlin patient” (5), who—through a series of 
fortunate events—is the only known example 
of complete HIV-1 cure. This individual was 
HIV-1-positive, but also had leukemia, which 
allowed physicians to treat him with total 
body irradiation. Fortunately, he survived 
this aggressive treatment, and his leukemia. 
177 
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Another fortunate circumstance was the 
availability of bone marrow cells from an 
HIV-1-negative donor who carried a rare ho- 
mozygous mutation in the HIV-1 co-receptor 
CCR5 (CCR5A32), which renders cells resis- 
tant to HIV-1 infection (6). With the abla- 
tion of his own bone marrow cells and the 
acceptance by his weakened immune system 
of T cells lacking functional CCR5, he became 
free of HIV-1 and presumably unable to be 
infected. Although no new principles came 
from this study, it did provide a proof of con- 
cept for a “cure.” The results are indeed ger- 
mane to developing approaches, such as gene 
therapy, that destroy or remove CCR5 from 
infected persons (7). However, the study’s 
relevance to almost all other HIV-1-infected 
patients, as well as its connection to currently 
envisioned “shock and kill” approaches, is 
not apparent. 

Clinical testing of the “shock and kill” ap- 
proach has begun only recently, and there- 
fore merits further evaluation (8). However, 
this strategy presents a few issues of concern 
that should not be overlooked. It is assumed 
that all latently infected cells will die follow- 
ing viral reactivation and/or by CTL attack, 
but there is no evidence for this; rather, these 
cells do not die. This may be because only 
weak latency-reversing agents (LRAs) have 
been tested clinically. Therefore, it is possible 
that more effective agents (alone or in combi- 
nation) might do a better job at reawakening 
the virus and killing the infected cell, which 
should be tested. Also, there is no assurance 
that combination antiretroviral therapy 
(cART) will completely block the released 
virus from infecting new cells, especially 
in the brain or lymphoid tissues where the 
antiretroviral drugs may not reach fully sup- 
pressive concentrations. The effectiveness of 
these drugs in anatomical sites is still being 
debated. Treatment intensification does not 
seem to reduce the size of the viral reservoir, 
and there appears to be no genetic evolution 
of the virus in patients under suppressive 
cART therapy, both of which suggest that cur- 
rent regimens completely block virus spread. 
However, some have suggested that poor 
drug penetrance in certain anatomical sites 
plays against drug-resistant strains. Because 
this issue is still unresolved, we should use 
caution and consider that current regimens 
may not achieve suppressive concentrations 
(in at least some anatomical sites), and thus 
may be unable to block virus spread in the 
context of “shock and kill” strategies. 

Another issue of concern is that some 
LRAs may activate uninfected T cells, ren- 
dering them new targets for infection. This 
could possibly be the case with Toll-like re- 
ceptor agonists that are being evaluated as 
LRAs. More recently, the idea has emerged to 
combine certain LRAs with therapeutic vac- 
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cines, as a new version of the “shock and kill” 
approach. This is of course attractive, but it 
remains to be established whether a thera- 
peutic vaccine can be devised to raise effec- 
tive CTL responses in immunocompromised 
individuals. Indeed, in one case, a vaccine 
could raise protective CTL responses prior to 
infection (9), but its efficacy in infected pa- 
tients is questionable. 

Latent viruses other than HIV-1 may also 
be reactivated and spread by LRAs, thereby 
giving rise to serious side effects later on. 
Such viruses include Epstein-Barr virus, cy- 
tomegalovirus, human T cell lymphotrophic 
virus, hepatitis C virus, human herpes virus, 
human herpes virus 8 (Kaposi sarcoma her- 
pes virus), and human endogenous retrovi- 
ruses. Moreover, the use of agents that target 
host factors (all LRAs tested so far fall into 
this category) will also modulate host gene 
expression (including inheritable epigenetic 


“Shock and kill’ and ‘soothe 
and snooze’ may turn out 

to be two non-mutually 
exclusive approaches to a 
functional cure for HIV-1 
infection.” 


marks), which may cause unwanted side ef- 
fects. Indeed, any approach involving T cell 
activation could be toxic beyond just the 
potential of activating other disease-causing 
viruses and making cells more sensitive to 
HIV-1 infection. We should not forget that 
although cART does not represent a cure, it 
allows HIV-1-infected individuals a full life, 
especially with simpler drug regimens. 

There are HIV-1-infected cell types other 
than CD4* T cells that are not given con- 
sideration in the “shock and kill” approach. 
For example, macrophages are infected by 
HIV-1 (0) and generally do not die from 
infection. Brain cells are also an HIV-1 
sanctuary (11), mainly in microglial cells. A 
recent study has shown that viral replica- 
tion persists in lymphoid tissues of infected 
individuals despite suppressed viremia (12). 
Although not directly addressed, myeloid 
cells could be the source of this persistent 
viral replication. Indeed, macrophages are 
a source of continual low-level production 
of HIV-1 (13). Whether or not myeloid cells 
represent a long-lived viral reservoir re- 
mains to be conclusively addressed, but un- 
til then, their role should not be ignored or 
discounted. In short, there is more to HIV-1 
persistence in the context of suppressive 
cART than CD4* T cell reservoirs. 
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Agents such as histone deacetylase in- 
hibitors show limited efficacy in reactivating 
HIV-1 because they target only one molecu- 
lar mechanism that maintains viral latency. 
Many other blocks are still in place, including 
the lack of key transcription factors, the pres- 
ence of other epigenetic blocks, and a cellular 
environment that is quiescent and unable to 
support viral replication. 

Another approach to address latent HIV 
infection is to force the latent virus to remain 
quiescent by stronger and more durable vi- 
rus-suppressing agents. So far, the only exam- 
ple of this “soothe and snooze” strategy is the 
use of the HIV-1 Tat inhibitor, didehydro-cor- 
tistatin A (14). This drug appears to be highly 
specific for Tat, without off-target effects. 
However, other latency-promoting agents, 
particularly those acting in an HIV-1-spe- 
cific manner, should be explored. Other goals 
in developing this strategy include drugs 
targeting cellular factors that play a role in 
viral replication, and those that reach ana- 
tomical sanctuaries more efficiently. Durable 
HIV suppression could be concurrently sup- 
ported by gene therapy strategies that target 
the HIV-1 provirus and/or CCR5 with gene- 
editing tools. In line with longer-term virus 
suppression, Byrareddy et al. (15) report that 
combining ART with antibodies that block T 
cells sustained low viremia in simian immu- 
nodeficiency virus (SIV)-infected monkeys. 

Despite the success of cART, there are still 
very high-priority areas that must be sup- 
ported, including HIV-1 testing, promoting 
preexposure prophylaxis, and developing a 
vaccine (J6). Therapeutic strategies aimed 
at an HIV-1 cure through viral reactivation 
should continue to be tested, but other strat- 
egies such as viral suppression should also be 
explored. Indeed, funding agencies are start- 
ing to support research aimed at permanently 
silencing the latent provirus. “Shock and kill” 
and “soothe and snooze” may turn out to be 
two non-mutually exclusive approaches to a 
functional cure for HIV-1 infection. 
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of sensitivity than might be achieved by the 
opposing actions of ERK together with pro- 
tein phosphatases that dephosphorylate Elk- 
1. Nevertheless, both of these mechanisms 
likely contribute to the broader resetting of 
chromatin to allow cells to respond to sub- 
sequent signals. However, it is possible that 
fully phosphorylated EIk-1 could be reacti- 
vated by dephosphorylation of those sites 
that had the slowest rate of phosphorylation, 
as the graded dephosphorylation by protein 
phosphatases is an additional mechanism 
for controlling protein function (74). 

The EIk-1 transcriptional activation do- 
main is also a target of the c-Jun N-terminal 
kinase (JNK) and p38 groups of MAPK in 
response to stress (15). Mylona et al. provide 
some tantalizing initial data suggesting 
that the rates of Elk-1 phosphorylation at 
individual sites by these kinases are distinct 
from the pattern observed with ERK. This 
suggests that a group of phosphorylation 
sites on a transcription factor may be bar- 
coded by different kinases, with different 
phosphorylation patterns eliciting distinct 
transcriptional responses. 


“..multisite phosphorylation 
substantially increases the 
scope for modulating protein 
function...” 


It will be important to determine if this 
mechanism of multisite phosphorylation is 
unique to Elk-1 and its relatives or is more 
widely used to regulate transcriptional re- 
sponses or the functions of other proteins. 
It is also possible that additional posttrans- 
lational modifications can utilize a similar 
mechanism. The study by Mylona et al. em- 
phasizes the importance of performing de- 
tailed quantitative analysis of the molecular 
roles of protein modifications if we wish to 
fully understand the complex mechanisms 
regulating protein function. 
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Making the most of 
materials computations 


Databases of theoretical structures and properties 
of materials can speed real-world discovery 


By Kristian S. Thygesen and 
Karsten W. Jacobsen 


or more than a century, materials sci- 

entists have accumulated experimental 

data on the structures of chemical com- 

pounds and the thermal, electronic, 

and mechanical properties that they 

exhibit. These data have been a cor- 
nerstone in the development, selection, and 
design of materials (7). In the past decade, 
experimental data have been augmented by 
an explosion of computational data from 
quantum-mechanical calculations, which can 
be obtained more quickly and in some cases 
with comparable accuracy. Most of the data 
have been obtained via density functional 
theory (DFT), which calculates the electronic 
structure of a material and thereby provides 
atomic-scale information about its proper- 
ties. Although databases can store all of these 
data, managing and fully utilizing this vast 
resource presents many challenges. 

The computational databases supplement 
the experimental ones [as, for example, the 
Inorganic Crystal Structure Database (2)] 
mainly by providing additional systematic 
information about materials, but they also 
provide information about the properties 
of materials that do not occur naturally or 
that have never been synthesized in a labo- 
ratory. The databases therefore provide a 
playground for exploration of new materi- 
als. Some of the larger repositories, together 
containing more than 1 million material 
entries, are the Materials Project (3), the 
Automatic Flow for Materials Discovery 
(AFLOWLIB) (4), the Open Quantum Ma- 
terials Database (OQMD) (5), the Novel 
Materials Discovery (NoMaD) Repository 
(6), the CatApp Database (7), and the Com- 
putational Materials Repository (CMR) (8) 
(see the top panel of the figure). All of these 
have web interfaces that provide free access 
to the data. 

A popular application of DFT databases is 
thermodynamic stability analysis, where, for 
a given combination of chemical elements, 
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stable compositions and structures at low 
temperatures are identified. This feature 
is available in most of the major databases 
and is, for example, used as a first check of 
the stability of a given hypothetical material 
composition. Combining the computed data 
with experimental data for the free energy of 
dissolution makes it possible to extend this 
analysis to Pourbaix diagrams, which map 
out the stability of the material as a function 
of pH and applied potential, and indicate the 
ionic species that forms if it dissolves (9, 10). 

The databases are steadily growing in size 
both because of systematic inclusion of new 
crystal structures and compositions, and be- 
cause computational screening studies aimed 
at identifying useful materials within, for ex- 
ample, batteries or solar energy contribute 
with new materials. Many materials screen- 
ing projects can be expected to take their 
starting point directly in the computational 
materials databases. Below, we discuss a few 
of the important opportunities and chal- 
lenges for the further development of compu- 
tational materials databases to improve their 
quality and their applicability for materials 
science and design. 


DATA REPRESENTATION 

Compared to experimental data, computed 
materials data have the advantage of being 
very well defined and easy to reproduce. A 
DFT calculation is specified by the atomic 
numbers and positions of all the atoms, plus 
a few additional parameters to describe the 
approximations being made. In practice, it 
may be a challenge to label the computed 
materials in a way that is both useful and 
sufficiently unique for the user. For example, 
should two calculations be considered to 
describe the same phase of a material if the 
atomic positions are not exactly the same? 


DATA QUALITY 

Computational materials scientists apply 
a range of different codes that all solve the 
same fundamental equations of DFT but ap- 
ply diverse numerical approaches. In a large 
community effort, it was recently shown that 
in simple situations, like the calculation of 
the equation of state of elemental crystals, 
agreement between different codes can be 
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DFT calculations in the NoMaD repository (in millions) 
The number of DFT calculations in the NoMaD repository from December 2014 to September 2016. The large 
jumps in October/November 2015 and February 2016 arose from inclusion of data from the AFLOWLIB and 


OQMD repositories, respectively. 
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An example of a small unit cell that 
repeats periodically to represent 

a simple periodical solid, versus a 
much larger unit cell required to 
model defects. 
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established (17). More complex materials 
properties still represent a challenge, and ac- 
curacies need to be estimated. Unfortunately, 
different codes produce output in different 
formats. This issue is currently addressed by 
the NOMAD project (72), where parsers for 
the 40 most popular codes are developed 
to obtain a common file format. At a more 
fundamental level, DFT calculations require 
physical approximations for the so-called 
exchange-correlation energy of the electrons. 
Further refinements of these approxima- 
tions will be necessary to increase the accu- 
racy of the calculations, depending on the 
application. 


COMPLEX SYSTEMS 

Computational databases mainly contain en- 
tries for bulk solids in simple crystal struc- 
tures, primarily because calculation times 
grow quickly with the number of atoms NV 
in the unit cell (typically as N to a power 
between 2 and 3). However, many materials 
properties are determined by defects, such as 
vacancies, atoms in interstitial sites, or im- 
purities, or by grain boundaries or surfaces. 
For many applications, the simple materials 
described in the databases are not directly 
relevant, and more complex structures and 
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4x4x4 unit cell to 
model a point defect 


materials must be included. However, as 
structural complexity increases, the number 
of possible materials also grows tremen- 
dously (see the bottom panel of the figure). 
An example of a first step to systematically 
address the more complicated situation of 
molecules reacting at surfaces is a DFT data- 
base of adsorption energies (7) of relevance to 
heterogeneous catalysis. 


BEYOND DFT 

Many materials properties or phenomena lie 
beyond the present capabilities of DFT for a 
quantitative description, including descrip- 
tions of electronic excitations and strongly 
correlated systems. For example, different 
corrections to the standard DFT approaches 
can be applied to study light absorption of 
materials for photovoltaics or photocatalysis, 
but today the best calculations of properties 
such as electronic band structures or opti- 
cal spectra are based on many-body pertur- 
bation theory applying the so-called GW or 
Bethe-Salpeter approximations. However, 
these calculations are computationally much 
more expensive and numerically involved 
than DFT calculations, which makes the is- 
sue of data quality and consistency even 
more important. The first steps toward estab- 
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lishing GW databases for code benchmark- 
ing (13) and for the electronic structure of 
two-dimensional materials (14) have recently 
been taken, but much more work is needed 
to establish consistent and accurate “beyond- 
DFT” data. 


MACHINE LEARNING 

It might be debatable whether computa- 
tional materials databases have the char- 
acteristics (volume, variety, and velocity) 
to qualify as “big data” (15). However, as 
computational databases grow, new possi- 
bilities for investigating the materials space 
will certainly arise. It will be necessary to 
develop or adapt tools from machine learn- 
ing for searching and analyzing many mil- 
lions of computed materials, and it will be 
possible to apply these tools to learn new 
correlations or structure-property relations 
of materials. Simple relations of this type 
are an integral part of materials science 
and chemistry. Examples include valence 
rules and geometrical tolerance factors for 
predicting chemical and structural stabil- 
ity. These rules have emerged from empiri- 
cal observations performed over decades of 
research, but when considering large num- 
bers of computed materials, these rules can 
be systematically deduced as correlations 
in the data. The use of modern machine 
learning may potentially allow research- 
ers to identify deeper and more complex 
patterns in the materials space, and to use 
correlations to accelerate the prediction of 
new materials or to design materials with 
specific tailored properties. ™ 
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CLIMATE CHANGE 


The trouble with negative emissions 


Reliance on negative-emission concepts locks in humankind’s carbon addiction 


By Kevin Anderson’? and Glen Peters* 


n December 2015, member states of the 

United Nations Framework Convention 

on Climate Change (UNFCCC) adopted 

the Paris Agreement, which aims to hold 

the increase in the global average temper- 

ature to below 2°C and to pursue efforts 
to limit the temperature increase to 1.5°C. 
The Paris Agreement requires that anthropo- 
genic greenhouse gas emission sources and 
sinks are balanced by the second half of this 
century. Because some nonzero sources are 
unavoidable, this leads to the abstract con- 
cept of “negative emissions,’ the removal of 
carbon dioxide (CO,) from the atmosphere 
through technical means. The Integrated 
Assessment Models (IAMs) informing pol- 
icy-makers assume the large-scale use of 
negative-emission technologies. If we rely on 
these and they are not deployed or are unsuc- 
cessful at removing CO, from the atmosphere 
at the levels assumed, society will be locked 
into a high-temperature pathway. 


CARBON BUDGETS 

To understand the implications of the Paris 
Agreement for mitigation policy, we must 
translate its qualitative temperature limits 
into quantitative carbon budgets, specifying 
how much CO, can be emitted across the 
remainder of the century to keep warming 
below a given temperature level (J). Uncer- 
tainties in the climate system mean that such 
budgets are specified with quantitative like- 
lihoods. Borrowing from the taxonomy of 
likelihoods used by the Intergovernmental 
Panel on Climate Change (IPCC), the most 
generous interpretation of the Paris Agree- 
ment’s requirement to keep the temperature 
rise well below 2°C is, at least, a likely (66 to 
100%) chance of not exceeding 2°C. 

The IPCC has assessed 900 mitigation 
scenarios from about 30 IAMs (2). Of these, 
76 scenarios from five IAMs had sufficient 
data to estimate the carbon budget for a 
likely chance of not exceeding 2°C. These 
scenarios give a carbon budget of between 
600 and 1200 billion metric tons (Gt) CO, 
(10 to 90% range) for the period from 2016 
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until the peak in temperature [updated from 
(1)]. Increasing the likelihood of keeping tem- 
peratures below 2°C (or shifting the ceiling 
to 1.5°C) will reduce still further the available 
carbon budget (3). The budget is also subject 
to a reduction each year, currently around 40 
Gt CO,, due to continued fossil fuel, industry, 
and land-use change emissions. 

It is important to keep in mind that de- 
spite their intuitive appeal, the complexity of 
carbon budgets make it impossible to assign 
a specific budget to a given temperature rise. 


FROM BUDGETS TO EMISSION PATHWAYS 

Because the carbon budgets represent cu- 
mulative emissions, different emission path- 
ways can be consistent with a given budget. 
Using the 76 scenarios consistent with a 
likely chance of not exceeding 2°C (see the 
figure), two key features are immediately 
striking. First, the scenarios assume that 
the large-scale rollout of negative-emission 
technologies is technically, economically, and 
socially viable (2, 4). In many scenarios, the 
level of negative emissions is comparable in 
size with the remaining carbon budget (see 
the figure) and is sufficient to bring global 
emissions to at least net zero in the second 
half of the century. Second, there is a large 
and growing deviation between actual emis- 


sion trends and emission scenarios. The sum 
of the national emission pledges submitted to 
the Paris negotiations (COP21) lead to an in- 
crease in emissions, at least until 2030. They 
thus broaden the division between pathways 
consistent with the temperature goals of the 
Paris Agreement (5) and require either much 
more severe near-term mitigation (6) or ad- 
ditional future negative emissions. 

It is not well understood by policy-makers, 
or indeed many academics, that IAMs assume 
such a massive deployment of negative-emis- 
sion technologies. Yet when it comes to the 
more stringent Paris obligations, studies sug- 
gest that it is impossible to reach 1.5°C with 
a 50% chance without significant negative 
emissions (3). Even for 2°C, very few scenar- 
ios have explored mitigation without nega- 
tive emissions (2). Negative emissions are 
also prevalent in scenarios for higher stabili- 
zation targets (7). Given such a pervasive and 
pivotal role of negative emissions in mitiga- 
tion scenarios, their almost complete absence 
from climate policy discussions is disturbing 
and needs to be addressed urgently. 


NEGATIVE-EMISSION TECHNOLOGIES 

Negative-emission technologies exist at 
various levels of development (8—I/). Af- 
forestation and reforestation, although not 


No quick fixes 


Modelers generally report net carbon emissions, unintentionally hiding the scale of negative emissions. Separating 
out the positive CO, emissions from fossil fuel combustion, industry, and land-use change reveals the scale of 
negative CO, emissions in the model scenarios (16). INDCs, Intended Nationally Determined Contributions. 
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strictly technologies, are already claimed 
by countries as mitigation measures. Bio- 
energy, combined with carbon capture and 
storage (BECCS), is the most prolific nega- 
tive-emission technology included in IAMs 
and is used widely in emission scenarios. It 
has the distinct feature of providing energy 
while also, in principle 
(12), removing CO, from 
the atmosphere. Assum- 
ing that carbon is valued, 


“Negative-emission 


The idea behind BECCS is to combine bio- 
energy production with CCS, but both face 
major and perhaps insurmountable obsta- 
cles. Two decades of research and pilot plants 
have struggled to demonstrate the technical 
and economic viability of power generation 
with CCS, even when combusting relatively 
homogeneous fossil fuels 
(14). Substituting for het- 
erogeneous biomass feed- 
stock adds to the already 


BECCS can thus provide technologies are not an = “onsiderable challenges. 
an economic benefit e e Moreover, the _ scale 
that may offset, at least uisurance policy, but of biomass assumed in 


in part, the additional 
costs of using the tech- 
nology (13). Generally, 
carbon is assumed to be 
fully absorbed during biomass growth, cap- 
tured before or after combustion, and then 
stored underground indefinitely. Despite 
the prevalence of BECCS in emission sce- 
narios at a level much higher than affores- 
tation, only one large-scale demonstration 
plant exists today. 

Other negative-emission technologies have 
not moved beyond theoretical studies or 
small-scale demonstrations. Alternative and 
adjusted agricultural practices, including bi- 
ochar, may increase carbon uptake in soils 
(9). It may also be possible to use direct air 
capture to remove CO, from the atmosphere 
via chemical reactions, with underground 
storage similar to CCS. Enhancing the natu- 
ral weathering of minerals (rocks) may in- 
crease the amount of carbon stored in soils, 
land, or oceans. Introduction of biological or 
chemical catalysts may increase carbon up- 
take by the ocean. New technologies, designs, 
and refinements may emerge over time. 


BECCS: A POLITICAL PANACEA 

The allure of BECCS and other negative-emis- 
sion technologies stems from their promise 
of much-reduced political and economic 
challenges today, compensated by antici- 
pated technological advances tomorrow. Yet 
there are huge opportunities for near-term, 
rapid, and deep reductions today at little to 
modest costs, such as improving energy ef- 
ficiency, encouraging low-carbon behaviors, 
and continued deployment of renewable en- 
ergy technologies. Why, then, is BECCS used 
so prolifically in emission scenarios? 

The answer is simple. Integrated assess- 
ment models often assume perfect knowl- 
edge of future technologies and give less 
weight to future costs. In effect, they assume 
that the discounted cost of BECCS in future 
decades is less than the cost of deep mitiga- 
tion today. In postponing the need for rapid 
and immediate mitigation, BECCS licenses 
the ongoing combustion of fossil fuels while 
ostensibly fulfilling the Paris commitments. 
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rather an unjust and 
high-stakes gamble.” 


IAMs—typically, one to 
two times the area of 
India—raises profound 
questions (10) about car- 
bon neutrality, land availability, competi- 
tion with food production, and competing 
demands for bioenergy from the transport, 
heating, and industrial sectors. The logistics 
of collating and transporting vast quantities 
of bioenergy—equivalent to up to half of the 
total global primary energy consumption—is 
seldom addressed. Some studies suggest that 
BECCS pathways are feasible, at least locally 
(15), but globally there are substantial limi- 
tations (10). BECCS thus remains a highly 
speculative technology. 

Although BECCS, like all negative-emis- 
sion technologies, is subject to scientific 
and political uncertainties, it dominates 
the scenario landscape. Yet, as recognition 
of the ubiquitous role of BECCS in mitiga- 
tion scenarios has grown, so have concerns 
about its deployment (0, 17). Its land-use 
impacts could include terrestrial species 
losses equivalent to, at least, a 2.8°C temper- 
ature rise (11), leading to difficult trade-offs 
between biodiversity loss and temperature 
rise. There is also little robust analysis of 
the trade-offs between large-scale deploy- 
ment of BECCS (and all negative-emission 
technologies) and the Sustainable Devel- 
opment Goals (SDGs). But such a level of 
caution is far removed from the technical 
utopia informing IAMs. Despite BECCS 
continuing to stumble through its infancy, 
many scenarios assessed by the IPCC pro- 
pose its mature and large-scale rollout as 
soon as 2030 (see the figure). 


MORAL HAZARD AND INEQUITY 

The appropriateness or otherwise of relying, 
in significant part, on negative-emission tech- 
nologies to realize the Paris commitments is 
an issue of risk (7). However, the distribution 
of this risk is highly inequitable. If negative- 
emission technologies fail to deliver at the 
scale enshrined in many IAMs, their failure 
will be felt most by low-emitting communi- 
ties that are geographically and financially 
vulnerable to a rapidly changing climate. 
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The promise of future and cost-optimal 
negative-emission technologies is more po- 
litically appealing than the prospect of de- 
veloping policies to deliver rapid and deep 
mitigation now. If negative-emission tech- 
nologies do indeed follow the idealized, 
rapid, and successful deployment assumed 
in the models, then any reduction in near- 
term mitigation caused by the appeal of 
negative emissions will likely lead to only a 
small and temporary overshoot of the Paris 
temperature goals (3). In stark contrast, if the 
many reservations increasingly voiced about 
negative-emission technologies (particularly 
BECCS) turn out to be valid, the weakening 
of near-term mitigation and the failure of fu- 
ture negative-emission technologies will be a 
prelude to rapid temperature rises reminis- 
cent of the 4°C “business as usual” pathway 
feared before the Paris Agreement (5). 

Negative-emission technologies are not 
an insurance policy, but rather an unjust 
and high-stakes gamble. There is a real risk 
they will be unable to deliver on the scale of 
their promise. If the emphasis on equity and 
risk aversion embodied in the Paris Agree- 
ment are to have traction, negative-emission 
technologies should not form the basis of the 
mitigation agenda. This is not to say that they 
should be abandoned (14, 15). They could 
very reasonably be the subject of research, 
development, and potentially deployment, 
but the mitigation agenda should proceed on 
the premise that they will not work at scale. 
The implications of failing to do otherwise 
are a moral hazard par excellence. 
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. The figure shows the median of the 76 IPCC scenarios 

hat limit the global temperature rise to 2°C with 66% 

ikelihood (2). Realized negative emissions are estimated 

by converting the BECCS energy consumption [exajoules 

(EJ) per year], assuming an average biomass emission 

actor of 100 metric tons of CO, per terajoule (TJ) and 

assuming that 90% of the CO, is captured. The emission 
pledges (INDCs) in 2030 are estimated based on cumula- 

ive emissions from 2011 to 2030 (5). 
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A microbial route from coal to gas 


Microbes isolated from an oil reservoir directly convert coal to methane 


By Cornelia U. Welte!” 


any coal wells produce methane 
through the microbial decomposi- 
tion of coal (). About 7% of methane 
that reaches the atmosphere is de- 
rived from coal beds and contributes 
considerably to the greenhouse effect 
(2). But how is coal converted into methane? 
Which compounds in the coal are degraded, 
and which microbes are responsible? On 
page 222 of this issue, Mayumi e¢ al. (3) re- 
port the discovery of methanogenic archaea 
that convert complex organic compounds re- 
leased from coal directly into methane by a 
previously unknown type of metabolism. 
Coal is a complex mixture of unreactive 
organic compounds that most microorgan- 
isms find difficult to consume. The key step 
in coal gasification is the production of meth- 
ane by methanogenic archaea. However, 
known methanogens only use small carbon 
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compounds like carbon dioxide, methylated 
amines, or acetate for gas production (4). 
Analysis of microbial communities in coal 
wells has suggested that breakdown products 
of coal are first converted to simpler, more 
palatable carbon compounds through the ac- 
tivity of microbial food chains (5—7), thus sup- 
plying the methanogens with substrates. In 
fact, different classes of methanogens seem 
to govern methane formation in unrelated 
coal wells (2, 8, 9). It is unclear which organic 
molecules of the coal are actually converted 
to methane, although immature coal (lignite) 
seems to be more biologically accessible than 
mature (bituminous) coal (J, 10). 

Mayumi e¢ al. now show that methanogens 
from the genus Methermicoccus can convert 
coal-derived methoxylated compounds (R-O- 
CH,) directly into methane. These methano- 
gens, thus, bypass the entire microbial food 
chain. The authors report that 35 different 
methoxylated organic molecules are sub- 
strates for direct methane production by a 
culture of Methermicoccus isolated from a 
high-temperature oil reservoir. Methermicoc- 
cus, thus, has even more different substrates 


than the metabolically versatile metha- 


Methane from coal 


Coal seams produce natural gas (methane) through the activity of microbial food 
chains or the methanogen Methermicoccus discovered by Mayumi et al. 
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nogen Methanosarcina; however, Methermi- 
coccus cannot grow on acetate or H,/CO,. 

Methermicoccus seem to have an entirely 
different metabolism than other methano- 
gens. In this metabolism, methyl groups 
of the methoxy moieties are removed by O- 
demethylation and used to build acetyl coen- 
zyme A, which disproportionates to methane 
and carbon dioxide. This “methoxydotrophic 
methanogenesis” involves as yet unidentified 
methyl transferase enzymes not previously 
detected in methanogens. These exciting 
findings show that, even in the metagenom- 
ics era, cultivation of fastidious microorgan- 
isms is necessary to discover novel types of 
metabolism. 

The discovery that methanogens can use 
complex organic compounds for methano- 
genesis opens up exciting opportunities for 
research and applications. Earth’s subsur- 
face harbors large reservoirs of sedimentary 
organic matter derived from lignin of higher 
plants, including methoxylated organic com- 
pounds. Methane is produced in the deep 
subsurface (77), but it is unknown whether 
methoxydotrophic or other yet unidentified 
methanogenic pathways play a role. If meth- 
ane can be directly produced from methoxyl- 
ated organic compounds in coal, which other 
complex organic compounds might be sub- 
strates for as yet unidentified methanogens? 

Finally, coal-bed methane may become an 
economical alternative to shale gas, which 
is exploited through hydraulic fracturing 
(“fracking”). At the moment, methane pro- 
duction rates from coal beds are too low to 
allow cost-efficient exploitation (72), but 
understanding the biological mechanism 
of methane generation from coal—of which 
methoxydotrophic methanogenesis is an ex- 
citing part—may provide important clues. & 
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POLICY FORUM 


MARINE CONSERVATION POLICY 


Science-based management in 
decline in the Southern Ocean 


The burden of proof is being turned upside down 


By Cassandra M. Brooks,’ Larry B. 
Crowder,'” Lisa M. Curran,! Robert B. 
Dunbar,' David G. Ainley,’ Klaus J. Dodds,* 
Kristina M. Gjerde,°* U. Rashid Sumaila® 


ith an internationally lauded ap- 

proach to conserving Southern 

Ocean ecosystems (7), the healthi- 

est marine ecosystems on Earth, 

the Commission on the Conserva- 

tion of Antarctic Marine Living 
Resources (CCAMLR), has committed to 
adopting marine protected areas (MPAs) in 
the waters around Antarctica (2). But conflict 
over MPAs has led CCAMLR member states 
to disregard the best available science, distort 
the foundational rules of their convention, 
break trust, and threaten the integrity of one 
of the world’s most well-regarded science- 
based multinational governance efforts. With 
negotiations resuming at the CCAMLR meet- 
ing beginning 17 October, we offer 
recommendations aimed at imple- 
menting effective Southern Ocean 
MPAs, upholding CCAMLR’s man- 
date, and maintaining its global 
leadership in ecosystem-based man- 
agement. Given the historic con- 
servation and diplomatic success 
of CCAMLR and Antarctic governance writ 
large, if we cannot adopt meaningful MPAs 
in the Southern Ocean, it does not bode well 
for doing so in the rest of the high seas. 


EXEMPLARY SCIENCE-BASED MANAGEMENT 
Antarctica is exceptional. The coldest, windi- 
est, most pristine, and most remote continent 
is set aside by the Antarctic Treaty System 
(ATS) as a global commons dedicated to 
peace and science (3). The Convention on the 
Conservation of Antarctic Marine Living Re- 
sources (CAMLR Convention) is the arm of 
the ATS that governs the use of marine life 
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in the ocean surrounding the continent (see 
the figure). Its primary objective is conserva- 
tion, defined to include “rational use,’ which 
permits fishing by CCAMLR’s 24 member 
states (plus the European Union) but only 
under conservation principles of precaution- 
ary, ecosystem-based management (J, #). All 
management decisions require consensus, 
and that management takes full account of 
the best scientific information available, as 
determined by CCAMLR’s Scientific Commit- 
tee, an advisory body composed of interna- 
tional scientists (4). Commercial fishing is 
only permitted in regions where CCAMLR 
has developed scientifically grounded rules 
(e.g., total allowable catch) via consensus. Al- 
most half of the CCAMLR area is closed to 
fishing on a year-to-year basis due to lack of 
data to support fishing, conservation rules to 
protect benthos, lack of known fish stocks, 
extensive ice, or other reasons. 


“The Commission has a critical window 
of opportunity to uphold its status as a 
leader in resource management.” 


CCAMLR’s exemplary management ex- 
ceeds best practices for regional fisheries 
management organizations (J). CCAMLR 
operates by ecological rather than political 
boundaries in that it manages a discrete eco- 
system, the Southern Ocean defined as south 
of the Antarctic Convergence, as demanded 
by the scientists who crafted the CAMLR 
Convention (see the figure). Successes in- 
clude implementing management for Ant- 
arctic krill (Huphasia superba) that includes 
precautionary catch limits and monitoring 
for effects on krill predators and dramati- 
cally reducing illegal, unregulated, and unre- 
ported fishing in the Southern Ocean (J, 5). 

In 2002, in line with this leadership, 
CCAMLR committed to designating a net- 
work of MPAs in the Southern Ocean (2). 
MPAs are broadly recognized as invaluable 
tools to assess, manage, and mitigate nega- 
tive human effects and maintain biodiversity 
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(6). CCAMLR scientists identified priority ar- 
eas for protection (2), and commission states 
mandated that MPAs be based on the best 
available science, protect key ecosystem pro- 
cesses, habitats, and biodiversity, and include 
scientific reference areas to monitor long- 
term effects of fishing and climate change (7). 
The Antarctic is changing rapidly with po- 
tential global repercussions for sea-level rise, 
ocean circulation, and climate regulation. Lo- 
cally, climate change is driving fluctuations 
in ice cover, shifts in population distribu- 
tions, and alterations in primary productivity 
(8). Declines of ice-dependent Antarctic krill 
are potentially causing cascades through- 
out the ecosystem (8). Still, many CCAMLR 
fishing States advocate for increased catches 
of krill and toothfish (9). With decreases in 
ice and krill, fishing vessels are increasingly 
encroaching upon penguin and whale forag- 
ing grounds, compounding climate change 
stressors (10). To meet rising demands for 
toothfish (Dissostichus eleginoides and D. 
mawsont) sold as lucrative “Chilean sea bass,” 
fishers have pushed for higher catches and 
expanding fishing grounds (2, 9). Ecological 
repercussions of removing toothfish, the re- 
gion’s top fish predator, are unknown (17). 


COMPROMISING PROTECTIONS 

Moving toward an MPA network, CCAMLR 
adopted the world’s first high seas MPA near 
the South Orkney Islands in 2009 (see the fig- 
ure). Although the stated goal of the MPA is 
biodiversity conservation, conflicts between 
preservation and fishing access pro- 
duced a compromised result. The 
modified MPA excluded areas of 
highest ecological value to avoid con- 
flict with commercial krill fisheries 
operated by several CCAMLR States 
(2) (see the figure). Japan, with the 
endorsement of South Korea and 
Russia, stated that “the amended MPA consti- 
tutes a good precedent” (2) because fisheries 
were not restricted. Other states objected to 
“the notion...that MPAs and fishing activities 
should be mutually exclusive” (12). 

In 2012, CCAMLR considered MPA pro- 
posals in the Ross Sea and the East Antarc- 
tic. Both proposals were designed to protect 
ecological structure and function, with refer- 
ence areas for evaluating climate change and 
fishery impacts, and both were deemed to be 
based on the best available science (2). Yet by 
2015, the areas proposed for protection in the 
Ross Sea and the East Antarctic were reduced 
by 30 and 50%, respectively, with ecologically 
important areas omitted to enable fishing 
access (see the figure and fig. S1). Research 
fishing zones, which permit commercial fish- 
ing for toothfish and/or krill with additional 
requirements (e.g., increased fish tagging), 
were added to the Ross Sea MPA. These 
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Fisheries and proposed marine protected areas in the Southern Ocean 
CCAMLR's MPA concessions from 2012 to 2015. Total Allowable Catch (TAC) circle location is specified per subarea and does 
not represent the actual location of catch. CCAMLR boundaries, adopted MPA, and fisheries data from (18); Ross Sea MPA 
boundaries based on (19); East Antarctic MPA boundaries based on (20). 
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fishing zones encompassed foraging grounds 
for seabirds and whales and jeopardized a 
scientific reference area that had been pro- 
posed to measure fishery ecosystem effects 
(2) (fig. SJ. Even though the East Antarctic 
MPA proposal employs a multi-use approach, 
it omitted no-take zones, and the area of 
highest conservation value, Prydz Bay, was 
removed during negotiations (see the figure). 
Temporal concessions, or “sunset clauses,” 
have marred negotiations. MPAs are usually 
established in perpetuity, and their duration 
has been linked to ecosystem benefits (6). The 
largely terrestrial protected areas adopted via 
the Antarctic Treaty are permanent, as are 
nationally designated subantarctic MPAs. Al- 
though duration was not discussed during the 
2009 South Orkney MPA negotiations, it has 
become a major barrier to consensus, with 
many CCAMIR fishing states asserting that 
MPAs must include an expiration date. China 
proposed a limit of 20 years (9), shorter than 
the life spans of most Antarctic top predators 
and inconsistent with the stated goals of the 
MPAs, as well as CCAMLR’s provisions for 
rational use. As of 2015, the proposed Ross 
Sea and East Antarctic MPAs have 50- and 
30-year expiration dates, respectively. 
Current MPA proposals only prohibit fish- 
ing in 3.2% of CCAMLR’s waters (see the 
figure) for a fixed period of time, yet consen- 
sus still lags. Past conservation successes in 
CCAMLR depended on having an open politi- 
cal window of opportunity, trust within the 
Commission, and alignment of incentives 
among member states (5). Yet, currently, 
states have become entrenched in their po- 
sitions for or against MPAs, breaking trust. 
States blocking adoption of MPAs continue 
to do so even after concessions were made 
to meet those states’ requests (9), not nego- 
tiating in good faith. Negotiations have been 
tainted by geopolitical disputes elsewhere in 
the world (e.g., United States-Russia tensions 
over Crimea) (13). States proposing MPAs in 
their former territories have been accused of 
using political rather than ecological bound- 
aries as a tool for asserting sovereignty (14). 
This stalemate may reflect the scramble 
for Southern Ocean resources as other fish- 
eries become less productive (13). As a com- 
mons, the Southern Ocean continues to be a 
contested space. Although CCAMLR was his- 
torically composed mainly of states without 
active fisheries in the Southern Ocean, mem- 
bership has grown, member stances on fish- 
ing have changed, and it is now dominated 
by fishing states (2) whose national positions 
reflect intent on economic gain and asserting 
power while securing future access by occu- 
pying the Southern Ocean via fishing (13). 
The idea of “rational use’”—defined in the 
Convention as a mandate to employ precau- 
tion in resource exploitation, a critical part 
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of conservation—is being reinterpreted by 
several states to defend an unequivocal right 
to fish and to argue against MPAs that in 
any way restrict fishing access (15). Although 
CCAMLR’s historic precautionary manage- 
ment paradigm was not to allow fishing un- 
less sufficient data was available to manage 
the fishery, MPA opponents are reversing the 
burden of proof, demanding that sufficient 
data be available to show that fishing is dam- 
aging the ecosystem to warrant an MPA that 
restricts fishing (9). If the current amended 
proposals are adopted, their concessions 
will compromise MPA effectiveness, thus 
undermining the conservation mandate of 
CCAMLR and the implementation of science- 
based marine management broadly. 


STABILIZING A KEYSTONE AGREEMENT 

The Commission has a critical window of op- 
portunity to uphold its status as a leader in 
resource management. We offer five recom- 
mendations for the upcoming meeting. 

Endorse only MPAs that are designed with 
the best available science and combine no- 
take areas with effective enforcement. Inef- 
fective MPAs that only “protect” ocean areas 
that may not have otherwise been heavily 
fished anyway undermine CCAMLR’s man- 
dated best practices (7) and credibility while 
impairing the value of MPAs as a manage- 
ment tool. 

Establish MPAs in perpetuity. CCAMLR’s 
MPA rules specify, “the period of designa- 
tion...shall be consistent with the specific 
objectives of the MPA” (7). Proposed arbi- 
trary sunset clauses of 20 to 30 years are 
insufficient for achieving MPA conservation 
objectives. Further, they will not meet inter- 
nationally established criteria for protected 
areas (16) and thus may not qualify toward 
global MPA targets. 

Uphold CCAMLR’s mandate. The Conven- 
tion was designed as a conservation conven- 
tion with fisheries management grounded 
in precautionary and ecosystem-based ap- 
proaches (4). The use of closed areas “for pur- 
poses of scientific study or conservation” (4) 
is an essential component of ecosystem-based 
management. Redefinition of “conservation” 
as an unequivocal right to fish compromises 
the purpose of MPAs and the integrity of the 
Southern Ocean ecosystem and the high seas 
beyond. 

Rebuild trust through science. The his- 
toric diplomatic and environmental success 
of CCAMLR and the broader ATS is funda- 
mentally rooted in science (3). Science-based 
decision-making provides transparency and 
credibility and can reduce geopolitics within 
the forum. In adhering to its mandate for 
making conservation decisions based on the 
best available science, CCAMLR can rebuild 
trust and progress for MPA negotiations. 
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Demonstrate leadership. In adopting effec- 
tive MPAs in the Ross Sea and the East Ant- 
arctic, CCAMLR could protect more than 2 
million km?, 6% of the Southern Ocean. With 
proposals for additional MPAs under way, 
CCAMLR could become the first interna- 
tional marine management organization to 
meet global protection targets agreed to by 
the Convention on Biological Diversity (10% 
of waters protected by 2020) (17), of which 
almost all CCAMLR states are members. This 
precedent would inform the current United 
Nations’ development of a legally binding 
agreement for conserving marine biodiver- 
sity beyond national jurisdiction (J7) and 
influence governance of emerging resource 
frontiers (e.g., the Arctic). In upholding 
CCAMLR’s charter, member states could safe- 
guard Southern Ocean ecosystems and avoid 
destabilizing a keystone of science-based in- 
ternational environmental agreements. 
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EXHIBITION 


Asylums and after 


A new exhibition probes the ever-evolving treatment 


of mental illness 


By Andrew Robinson 


incent Van Gogh’s only etching forms 

a small but profoundly significant 

part of Bedlam: The Asylum and Be- 

yond, the Wellcome Collection’s mind- 

stretching new exhibition on madness 

and the history of its treatment. It is 
a melancholy portrait of Paul Gachet, a pro- 
fessional physician and amateur painter who 
treated van Gogh after his release from a 
famously productive year spent in a French 
mental asylum in 1889-1890. 

According to the exhibition’s caption, van 
Gogh referred to Gachet as “a ready-made 
friend and something like a new brother ... 
he’s very nervous and very bizarre himself” 
But in a letter from van Gogh to his actual 
brother Theo, he wrote, “I think that we must 
not count on Dr. Gachet at all. First of all, he 
is sicker than I am, I think, or shall we say 
just as much.... Now when one blind man 
leads another blind man, don’t they both fall 
into the ditch?” (J). 

Such insights from a great but mentally ill 
artist remind us how difficult it has been—and 
still is—to fix a boundary between sanity and 
insanity. Would today’s physicians, with their 
arsenal of brain-scanning techniques and 
mood-changing drugs, have had more suc- 
cess than Gachet in curing van Gogh? Prob- 


The reviewer is the author of Sudden Genius? The Gradual 
Path to Creative Breakthroughs, Oxford University Press, 
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The Asylum and Beyond 
Wellcome Collection, London. 
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http://wellcomecollection.org/bedlam 


This Way Madness Lies 

The Asylum and Beyond 

Mike Jay 

Thames & Hudson, 2016. 256 pp. 


ably not, according to Bedlam, as Mike Jay, 
one of the exhibition’s two curators, implies 
in This Way Madness Lies, his illuminating, 
generously illustrated book that accompanies 
the exhibition. In the 21st century, as much 
as in the 17th century, writes Jay, “physicians, 
apothecaries, astrologers, preachers and folk 
healers competed with remedies that ranged 
from gentle herbs to powerful poisons, from 
horoscopes to exorcisms to cranial surgery.” 
The exhibition’s linking thread is the his- 
tory of London’s Bethlem hospital, originally 
founded in the 13th century as a priory dedi- 
cated to St. Mary of Bethlehem. By the time 
of Shakespeare in the late 16th century, Beth- 
lem had ceased to be a peaceful cloister and 
was filled with cell blocks. Its atmosphere 
was crowded and noisy—hence its popular 
name, Bedlam, among the London public, 
who were permitted to visit and observe the 
inmates at the “madhouse” until 1770. 
Although Bethlem survived London’s Great 
Fire in 1666, it moved to a new site at Moor- 
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A precursor to the modern practice of "Care in 
the Community." Mentally ill boarders have lived 
alongside locals in Geel, Belgium, for centuries. 


fields, where a palatial building designed by 
Robert Hooke was built in 1676. After being 
condemned for its scandalously inhumane 
conditions, it moved again in 1815 to a new 
building in south London, which today 
houses the Imperial War Museum. Finally, in 
1930, it relocated to a semirural estate on the 
outskirts of the city at Beckenham, where it 
continues as a respected National Health Ser- 
vice hospital, still dedicated to mental illness. 

In advance of the 1815 move, James Tilly 
Matthews, a tea merchant who had been in- 
carcerated at Bethlem after publicly accus- 
ing members of the British government of 
treason, came up with a set of architectural 
drawings for the new facility and detailed 
proposals for its reform. Matthews’s plans, 
which are on display in the exhibition, in- 
cluded spacious grounds where the inmates 
could work as gardeners rather than being 
confined indoors—in some cases shackled— 
with nothing to do. With a new regime of 
therapeutic harmony between inmates and 
wardens, he argued, recovery rates would 
naturally rise. But the medical world was not 
willing to take advice from a “lunatic,” and 
Matthews’s prescient redesign was rejected. 

The reform of “madhouses” into more 
compassionate “asylums” took place during 
the 19th century in Britain, France, and some 
other parts of Europe. In the 20th century, 
art therapy became important. One of several 
compelling films in the exhibition, Aban- 
doned Goods by Pia Borg and Edward Law- 
renson, reveals the art produced by inmates 
of the Netherne Asylum under the pioneering 
encouragement of Edward Adamson in the 
1940s. Many of these works were lost when 
the asylum closed in 1993; the remainder 
were abandoned in another hospital, but al- 
most all of them—more than 5500 paintings, 
drawings, sculptures, and ceramics—were 
eventually relocated to the Adamson Collec- 
tion at the Wellcome Library. 

In postwar Britain, mental asylums were 
increasingly felt to be outmoded relics of the 
Victorian period and were closed for redevel- 
opment. But are their current substitutes—to- 
day’s psychiatric hospitals for those who are 
wholly incapable of looking after themselves, 
along with sedated “care in the community” 
for the rest—a definite improvement? The 
evidence offered by Bedlam is hardly reas- 
suring. 
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GENETIC ENGINEERING 


The mythology of CRISPR 


An optimistic outlook on gene editing seeks to reconcile 
scientific progress with wisdom from the humanities 


By George J. Annas 


he new CRISPR (clustered regularly 

interspaced short palindromic re- 

peats) genome-editing technology 

has already spawned a series of start- 

ups, a major patent dispute, interna- 

tional meetings on ways to regulate it 
(or not), controversial articles (J), and a nas- 
cent discussion of using it to make a “bet- 
ter baby.” In Modern Prometheus, science 
writer and sometime genetics researcher 
Jim Kozubek covers all of these topics, but 
with a goal of conveying more than just the 
story of CRISPR. Writing “in the 
spirit of Shelley, Keats and Ni- 
etzsche,” Kozubek seeks “to show 
that something is at stake that is 
more real than our science.” 

Modern Prometheus references 
the subtitle of Mary Shelley’s Fran- 
kenstein, which cogently tells the 
story of a scientist who is incapa- 
ble of controlling his creation: a 
humanoid life-form brought into 
being through artificial means. 
Prometheus—the mythological 
Greek Titan—brought useful arts 
to humankind but could not pre- 
vent his brother’s wife, Pandora, 
from opening a present from 
the vengeful Zeus. Pandora un- 
leashed Zeus’ “gifts,” including 
sickness, insanity, old age, vice, 
and passion. 

Hubris and overreaching led to 
Prometheus’ fall, and overreaching 
remains a danger to today’s researchers. Ko- 
zubek quotes George Church, who observed 
that “many classic Greek heroes were invul- 
nerable, except to self-inflicted wounds.” 

The biotech industry tends to look at life’s 
unwanted gifts as problems to be solved, 
rather than as fundamental characteristics 
of the human condition. In this context, 
CRISPR is seen as simply a useful new tool, 
rather than as a potential new danger to 
humanity. 

But the core challenge that CRISPR 
presents to the world is not which biotech 
start-up can make the most money from 
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it or who will get the patent. Rather, it is 
what the new technology means to the hu- 
man species. Is it a technology that alters 
our understanding of humanity and opens 
the door to a neo-eugenics agenda that 
could threaten the survival of the species? 
If so, global, democratically based over- 
sight is in order. Or is it, as many scientists 
quoted in this book argue, just another 
medical technology that cannot be stopped 
and should be regulated, if at all, like any 
new drug or device? 

Although scientists alone cannot answer 
these questions, they have made at least 


— _ A 


Like the "gifts" Pandora unleashed into the world, cheap, easy-to-use gene 
editing technologies will likely be difficult to contain, cautions Jim Kozubek. 


two noteworthy attempts to do so. The 
first was the 1975 Asilomar conference, 
which sought to determine how to respond 
to the potential dangers of recombinant 
DNA technology. The second is ongoing 
and includes the December 2015 National 
Academy of Sciences meeting in Washing- 
ton, D.C., which attempted to outline the 
implications of CRISPR. Both, I think, are 
evidence in support of the idea that scien- 
tists tend to believe that scientific progress 
is always good and that whatever dangers 
“progress” poses can best be managed by 
scientists themselves. This view represents 
what Kozubek describes as the contain- 
ment myth, often illustrated in literature 
by the creation of “a rogue genetically en- 
gineered species, such as in The Androm- 
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eda Strain, The Stand or Jurassic Park.” 

Kozubek labors valiantly to synthesize 
science and the humanities but, at least 
at times, underestimates the changes that 
have occurred since both cultures adopted 
market values. These include radical am- 
plification in commercialization, public 
relations, public-private funding, and 
presentation. 

The scientists who appear in the book 
sometimes seem to speak in sound bites 
and the overpromising language of adver- 
tising, and venture capitalists and lawyers 
are seen as competent to opine on science. 
Kozubek, for example, seems 
to accept unquestioningly the 
optimistic pronouncement that 
we are “entering a revolution so 
profound we might reset the cal- 
endars to begin in 1953,” as as- 
serted by a biotech investor with 
billions at stake in the success of 
synthetic biology. 

The utopian libertarian view of 
our future that emerges is at least 
partially a result of the author’s 
oversampling of scientists from 
the Harvard/MIT/Kendall Square 
area. (Kozubek worked as a staff 
scientist at Brigham and Wom- 
en’s Hospital from 2013 to 2016.) 
There are, nonetheless, enough 
opinions among the 40 scientists 
and other experts whom the au- 
thor interviewed that readers will 
find many to agree with and cer- 
tainly some to disagree with. 

It is too soon to write a history of 
CRISPR. Kozubek nonetheless gives the 
general reader a solid introduction to 
the current state of affairs, as seen by its 
creators and those who are using it in re- 
search and commerce. His reporting con- 
firms that there is no existing democratic 
global governance mechanism capable 
of regulating gene editing and that com- 
merce-driven self-regulation is likely to 
treat potential benefits as certainties and 
potential harms as speculative. The lack 
of any meaningful species-level oversight 
is problematic and potentially dangerous. ® 
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FOREST ECOLOGY 


Global biodiversity 
and productivity 


he relationship between biodiversity and 
ecosystem productivity has been explored in 
detail in herbaceous vegetation, but patterns 
in forests are far less well understood. Liang et 
al. have amassed a global forest data set from 
>770,000 sample plots in 44 countries. A positive 
and consistent relationship can be discerned 
between tree diversity and ecosystem productivity 
at landscape, country, and ecoregion scales. On 
average, a 10% loss in biodiversity leads to a 3% 
loss in productivity. This means that the economic 
value of maintaining biodiversity for the sake of 
global forest productivity is more than fivefold 
greater than global conservation costs. —AMS 


SOLAR CELLS 
Improving the stability of 
perovskite solar cells 


Inorganic-organic perovskite 
solar cells have poor long-term 
stability because ultraviolet light 
and humidity degrade these 
materials. Bella et a/. show that 
coating the cells with a water- 
proof fluorinated polymer that 
contains pigments to absorb 
ultraviolet light and re-emit it in 
the visible range can boost cell 
efficiency and limit photodeg- 
radation. The performance and 
stability of inorganic-organic 
perovskite solar cells are also 
limited by the size of the cations 
required for forming a correct 
lattice. Saliba et al. show that 
the rubidium cation, which is 
too small to form a perovskite 
by itself, can form a lattice with 
cesium and organic cations. Solar 
cells based on these materi- 

als have efficiencies exceeding 


192 


Science, this issue p. 196 


20% for over 500 hours if given 
environmental protection by a 
polymer coating. —PDS 

Science, this issue pp. 203 and 206 


VACCINES 
ADNAvaccine candidate 
for Zika 


The ongoing Zika epidemic in 

the Americas and the Caribbean 
urgently needs a protective 
vaccine. Two DNA vaccines com- 
posed of the genes that encode 
the structural premembrane and 
envelope proteins of Zika virus 
have been tested in monkeys. 
Dowd et al. show that two doses 
of vaccine given intramuscularly 
completely protected 17 of 18 ani- 
mals against Zika virus challenge. 
A single low dose of vaccine was 
not protective but did reduce 
viral loads. Protection correlated 
with serum antibody neutralizing 
activity. Phase | clinical trials 
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Van der Waals materials 


for nanophotonics 
Basov et al., p. 195 


testing these vaccines are already 
ongoing. —KLM 
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PALEOBIOLOGY 
The platypus’s sixth 


sense cost it its teeth 


The platypus, Ornithorhyncus 
anatinus, has an electromechani- 
cal sensory apparatus in its bill. 
The sixth sense endowed by 

its remarkable bill allows the 
platypus to detect prey in murky 


Loss of forest 
diversity leads to a 
loss of productivity. 


waters with its eyes closed. Using 
comparative morphology and 
imaging techniques, Asahara 
et al. mapped the enlarged 
infraorbital canal that contains 
all the nerves and vessels that 
supply the bill. lt seems that 
the evolution of this anatomical 
arrangement has limited space 
for the roots of teeth in modern 
platypuses. Platypuses can still 
“chew” their prey with horny 
pads. —SN 

Sci. Adv. 10.1126.sciadv.1601329 

(2016). 


Platypuses use an electrical sixth sense to seek prey. 
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A function for multisite 
phosphorylation 


Many transcription factors are 
regulated by phosphorylation 
on multiple residues. Mylona et 
al. analyzed multisite phospho- 
rylation in the transcription 
factor Elk-1 and showed that it 
may protect against excessive 
activation (see the Perspective 
by Whitmarsh and Davis). 
Phosphorylation by the kinase 
ERK2 occurred at eight sites, 
but the sites were phosphoryl- 
ated at different rates. Those 
hat were phosphorylated more 
quickly promoted transcrip- 
ional activation. Those that 
were phosphorylated more 
slowly dampened excessive 
activation by ERK2s without 
needing a phosphatase or any 
other negative regulatory com- 
ponent. —LBR 

Science, this issue p. 233; 

see also p.179 


Phosphorylation and 
fungal evolution 


Phosphorylation after transcrip- 
tion modifies the activity of 
proteins. To understand how 
phosphorylation sites have 
evolved, Studer et a/. studied a 
range of fungal species (see the 
Perspective by Matalon et a/.). 
Only a few sites were apparently 
present in the common ancestor 
of all 18 species investigated. 
Evolutionary age appeared to 
predict the potential functional 
importance of specific con- 
served phosphosites. —LMZ 
Science, this issue p. 229; 
see also p.176 


Antibodies sustain 
viral control 


For many infected individuals, 
antiretroviral therapy (ART) 
means that an HIV-1 diagnosis 
is no longer a death sentence. 
But the virus persists in treated 
individuals, and complying 
with the intense drug regi- 

men to keep virus loads 
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down can be challenging for 
patients. Seeking an alterna- 
tive, Byrareddy et al. treated 
ART-suppressed monkeys 

with antibodies targeting 0487 
integrin. When ART was halted 
in the antibody-treated animals, 
viral loads stayed undetectable, 
and normal CD4 T cell counts 
were maintained for over 9 
months—and persisted—even 
after stopping the antibody 
therapy. —KLM 


Science, this issue p. 197 


Two roads diverged in a 
yellow photolyase 


Photolyase enzymes repair 
DNA that has been damaged by 
ultraviolet sunlight. The repair 
process begins when blue light 
absorption by a cofactor drives 
an electron transfer step. Zhang 
et al. applied ultrafast absorp- 
tion spectroscopy to study the 
dynamics of this step. A bifurca- 
tion in the electron transfer 
pathway favors a direct tunneling 
mechanism in the prokaryotic 
enzymes and a two-step hopping 
mechanism in the eukaryotic 
variety. This difference explains 
the higher repair quantum yield 
seen in prokaryotes. —JSY 
Science, this issue p. 209 


Hammering out the sickle 
cell mutation 


Sickle cell disease is a genetic 
disorder caused by a mutation 
in one of the hemoglobin genes. 
This causes deformation of red 
blood cells and results in occlu- 
sion of blood vessels, severe 
pain, and progressive organ 
injury. To correct the mutation 
that causes this disease, De 
Witt et al. modified hemato- 
poietic stem cells from sickle 
cell disease patients by using 
a CRISPR-Cas9 gene editing 
approach. The corrected cells 
successfully engrafted in a 
mouse and produced enough 
normal hemoglobin to indicate a 
potential clinical benefit in ame- 
liorating sickle cell disease. —YN 
Sci. Transl. Med. 8, 360ra134 (2016). 
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CELL DIVISION 


Edited by Kristen Mueller 
and Jesse Smith 


Crossovers help ensure 
that chromosomes 
segregate properly 

during meiosis. 


Crossing over to let go 


ukaryotic cells package their genomes into chromo- 

somes, and when they divide, they deliver a complete 

set of chromosomes to each daughter cell. During 

meiosis (the cell division that creates germ cells), “DNA 

crossovers” hold homologous chromosomes together, 
which helps to ensure that they segregate correctly. Studying 
worms, Machovina et al. show that cells carefully monitor how 
these crossovers form. The presence of a crossover strength- 
ens the protein complex that holds the two homologous 
chromosomes together. Failure to form a crossover weakens 
the protein complex until a crossover can occur. —GR 


Curr. Biol. 10.1016/j.cub.2016.09.007 (2016). 


Encoding false memories 
A unique human ability is the use 
of concepts that confer meaning 
in an abstract way. Despite the 
importance of conceptual 
knowledge for human cognition, 
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scientists know little about the 
underlying neural mechanisms 
and structures. To better under- 
stand this process, Chadwick et 
al. scanned people's brains while 
they performed tasks known 

to cause false memories ina 
statistically predictable manner. 
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QUANTUM MATERIALS 
A layered approach for 
nanophotonics 


Nanophotonics aims to combine 
the speed of optics with the 
small size scale of electronics 
for ultrahigh-speed technology. 
However, several order differ- 
ences in length scale have to be 
bridged. Basov et al. review how 
van der Waal materials, which 
are two-dimensional layered 
structures, can span such 
length-scale differences. The 
wide range of materials available, 
as well as their broad range of 
optical and electronic proper- 
ties, offer opportunities to make 
devices with desirable optoelec- 
tronic functionality. —ISO 

Science, this issue p. 195 


POLITICAL SCIENCE 
Aconsensus in Europe 
about asylum seekers 


Violent conflicts between groups 
often generate large numbers of 
noncombatant refugees. Bansak 
et al. surveyed western European 
attitudes toward such asylum 
seekers. They found that voters 
favor applicants who will con- 
tribute to the recipient country’s 
economy, who have suffered 
severe physical or mental 
distress rather than economic 
hardship, and who are Christian 
rather than Muslim. These 
preferences are similar across 
countries and independent of 
the voters’ personal characteris- 
tics. —GJC 


Science, this issue p. 217 


194-B 


GLOBAL CLIMATE CHANGE 
An impactful event 


Glassy silica spherules have 
been found in marine sediments 
from three sites across a wide 
area off the Atlantic coast 

of the United States, near 

the stratigraphic level of the 
Paleocene-Eocene boundary. 
The characteristics of these 
specimens are consistent 

with those of microtektites 
associated with extraterrestrial 
impact events. This discovery 

by Schaller et al. is evidence of 
an impact event at the time of 
the Paleocene-Eocene Thermal 
Maximum, a period during which 
global temperatures increased 
rapidly and the carbon cycle was 
substantially perturbed. —HJS 


Science, this issue p. 225 


MICROBIAL PHYSIOLOGY 
Microbes make methane 
from coal 


Methane associated with coal 
beds is an important global 
resource of natural gas. Much 
of the methane in coal comes 
from microbial methanogenesis. 
Mayumi et al. characterized 
a strain of Methermicoccus 
shengliensis that, unexpectedly, 
is capable of making methane 
from the dozens of methoxylated 
aromatic compounds found in 
a variety of coal types (see the 
Perspective by Welte). Isotope 
tracer experiments showed 
that this organism could also 
incorporate carbon dioxide into 
methane. —NW 

Science, this issue p. 222; 

see also p. 184 
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INFLUENZA 
Migration of influenza in 
wild birds 


Virus surveillance in wild birds 
could offer an early warning 
system that, combined with 
adequate farm hygiene, would 
lead to effective influenza 
control in poultry units. The 
Global Consortium for HSN8 and 
Related Influenza Viruses found 
that the H5 segment common to 
the highly pathogenic avian influ- 
enza viruses readily reassorts 
with other influenza viruses (see 
the Perspective by Russell). H5 
is thus a continual source of new 
pathogenic variants. These data 
also show that the H5N8 virus 
that recently caused serious out- 
breaks in European and North 
American poultry farms came 
from migrant ducks, swans, and 
geese that meet at their Arctic 
breeding grounds. Because the 
virus is So infectious, culling wild 
birds is not an effective control 
measure. —CA 

Science, this issue p. 213; 

see also p. 174 


CLIMATE CHANGE 
The negative emissions 
gamble 


Scenarios for how global warm- 
ing can be kept below 2°C rely 
heavily on the large-scale use 

of technologies that remove 
carbon from the atmosphere. 
They are attractive to policy- 
makers because they reduce the 
perceived need for reductions 

in carbon emissions in the short 
term. In a Perspective, Anderson 
and Peters argue that it may 
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not be possible or advisable to 
deploy these technologies at the 
scale required. For example, bio- 
energy with carbon capture and 
storage is seen as particularly 
promising, yet it would require 
vast areas of land that would 
then no longer be available for 
food production or for wildlife. 
By relying on these speculative 
technologies, humanity could 
miss a crucial window of oppor- 
tunity for directly mitigating 
climate change. —JFU 

Science, this issue p. 182 


VASCULAR BIOLOGY 
Relaxing in response to 
pressure 


Small-diameter arteries link 
main arteries to capillary beds 
that feed tissues and organs. 
Persistent constriction of these 
arteries may generate high 
blood pressure (hypertension). 
Khavandi et al. (see also Hill and 
Braun) found that arterial con- 
striction initiated the production 
of reactive oxygen species that 
oxidized and activated the kinase 
PKG, which opens a potassium 
channel that induces blood 
vessel relaxation. These results 
may explain why some drugs 
that generate reactive oxygen 
species are effective in treating 
hypertension. —WW 

Sci. Signal. 9,ral00 and fs15 (2016). 
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REVIEW SUMMARY 


QUANTUM MATERIALS 


Polaritons in van der Waals materials 


D. N. Basov,* M. M. Fogler, F. J. Garcia de Abajo 


BACKGROUND: Light trapped at the nanoscale, 
deep below the optical wavelength, exhibits an 
increase in the associated electric field strength, 
which results in enhanced light-matter interac- 
tion. This leads to strong nonlinearities, large 
photonic forces, and enhanced emission and 
absorption probabilities. A practical approach 
toward nanoscale light trapping and manipula- 
tion is offered by interfaces separating media 
with permittivities of opposite signs. Such inter- 
faces sustain hybrid light-matter modes 
involving collective oscillations of po- 
larization charges in matter, hence 
the term polaritons. Surface plasmon 
polaritons, supported by electrons in 
metals, constitute a most-studied prom- 
inent example. Yet there are many 
other varieties of polaritons, including those 
formed by atomic vibrations in polar insulators, 
excitons in semiconductors, Cooper pairs in 
superconductors, and spin resonances in (anti) 
ferromagnets. Together, they span a broad re- 
gion of the electromagnetic spectrum, ranging 
from microwave to ultraviolet wavelengths. We 
discuss polaritons in van der Waals (vdW) ma- 
terials: layered systems in which individual atomic 
planes are bonded by weak vdW attraction (see 
the figure). This class of quantum materials in- 
cludes graphene and other two-dimensional 


ON OUR WEBSITE 


Read the full article 
at http://dx.doi. 
org/10.1126/ 
science.aagl992 


crystals. In artificial structures assembled from 
dissimilar vdW atomic layers, polaritons asso- 
ciated with different constituents can interact 
to produce unique optical effects by design. 


ADVANCES: vdW materials host a full suite of 
different polaritonic modes with the highest 
degree of confinement among all known mate- 
rials. Advanced near-field imaging methods 
allow the polaritonic waves to be launched and 
visualized as they travel along vaW 
layers or through multilayered hetero- 
structures. Spectroscopic and nano- 
imaging experiments have identified 
multiple routes toward manipulation 
of nano-optical phenomena endowed 
by polaritons. A virtue of polaritons in 
vdW systems is their electrical tunability. Fur- 
thermore, in heterostructures assembled from 
dissimilar vdW layers, different brands of polar- 
itons interact with each other, thus enabling un- 
paralleled control of polaritonic response at the 
level of single atomic planes. New optoelectronic 
device concepts aimed at the detection, harvest- 
ing, emission, propagation, and modulation of 
light are becoming feasible as a result of com- 
bined synthesis, nanofabrication, and modeling 
of vdW systems. The extreme anisotropy of 
vdW systems leading to opposite signs of the 


x, Polariton wavelength 
Incident wavelength \p 


Plasmon polaritons 
(graphene, black P) 


Phonon polaritons 
(hBN, topological insulators) 


Exciton polaritons 
(MoS>, WSe») 


in-plane and out-of-plane permittivities of the 
same layered crystal enables efficient polaritonic 
waveguides, which are instrumental for subdif- 
fractional focusing and imaging. In addition to 
near-field optical probes facilitating nanoimaging, 
coupling to polaritons can be accomplished via 
electrical excitation and nonlinear wave mixing. 


OUTLOOK: Potential outcomes of polariton 
exploration in vdW heterostructures go beyond 
nano-optical technologies. In particular, im- 
ages of polaritonic standing and traveling waves 
contain rich insights into quantum phenomena 
occurring in the host material supporting po- 
laritons. This line of inquiry into fundamental 
physics through polaritonic observations con- 
stitutes an approach toward optics-based ma- 
terials research. In particular, the strong spatial 
confinement exhibited by vdW polaritons in- 
volves large optical-field gradients—or equiva- 
lently, large momenta—which allows regions 
of the dispersion relations of electrons, phonons, 
and other condensed-matter excitations to be 
accessed beyond what is currently possible with 
conventional optics. Additionally, polaritons 
created by short and intense laser pulses add 
femtosecond resolution to the study of these 
phenomena. Alongside future advances in the 
understanding of the physics and interactions 
of vdW polaritons, solutions to application chal- 
lenges may be anticipated in areas such as loss 
compensation, nanoscale lasing, quantum optics, 
and nanomanipulation. The field of vdW polar- 
itonics is ripe for exploring genuinely unique 
physical scenarios and exploiting these new 
phenomena in technology. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: db3056@columbia.edu 
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Magnon polaritons 
(Crp, Geo, Teg) 


Cooper pair polaritons 
(cuprates, FeSe, RuCl) 


Polaritons in van der Waals (vdW) materials. Polaritons—a hybrid of light-matter oscillations—can originate in different physical phenomena: conduction 
electrons in graphene and topological insulators (surface plasmon polaritons), infrared-active phonons in boron nitride (phonon polaritons), excitons in 
dichalcogenide materials (exciton polaritons), superfluidity in FeSe- and Cu-based superconductors with high critical temperature T, (Cooper-pair polaritons), 
and magnetic resonances (magnon polaritons). The family of vdW materials supports all of these polaritons. The matter oscillation component results in 
negative permittivity (eg < O) of the polaritonic material, giving rise to optical-field confinement at the interface with a positive-permittivity (e4 > 0) environment. 
vdW polaritons exhibit strong confinement, as defined by the ratio of incident light wavelength Ao to polariton wavelength Ap. 
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Polaritons in van der Waals materials 


D. N. Basov,”?* M. M. Fogler,’ F. J. Garcia de Abajo”’* 


van der Waals (vdW) materials consist of individual atomic planes bonded by weak 
vdW attraction. They display nearly all optical phenomena found in solids, including 
plasmonic oscillations of free electrons characteristic of metals, light emission/lasing 
and excitons encountered in semiconductors, and intense phonon resonances typical 
of insulators. These phenomena are embodied in confined light-matter hybrid modes 
termed polaritons—excitations of polarizable media, which are classified according 

to the origin of the polarization. The most studied varieties are plasmon, phonon, and 
exciton polaritons. In vdW materials, polaritons exhibit extraordinary properties that are 
directly affected by dimensionality and topology, as revealed by state-of-the-art imaging of 
polaritonic waves. vdW heterostructures provide unprecedented control over the 
polaritonic response, enabling new quantum phenomena and nanophotonics applications. 


tomically thin two-dimensional (2D) crys- 

talline layers constitute the elemental build- 

ing blocks of van der Waals (vdW) materials. 

Exfoliated atomic layers are structurally 

robust and amenable to assembly to pro- 
duce complex heterostructures. These materials 
support a variety of polaritons associated with 
oscillations of conduction electrons, phonons, and 
excitons, as well as their hybrids (e.g., plasmon- 
phonon polaritons). A number of vdW materials 
display extraordinary quantum phenomena: high- 
critical temperature (T,.) superconductivity, exotic 
magnetism, topologically protected states, strong 
Coulomb interactions, and non-Fermi-liquid be- 
havior. All of these properties permeate the polar- 
itonic response of vdW systems. 

In the ongoing quest for exploration of polaritons, 
scanning optical near-field imaging (Fig. 1) has 
had an exceptional impact. This technique uses 
the sharp tip of an atomic force microscope 
(AFM) as an optical antenna (J, 2), allowing 
one to detect how incident light of free-space 
wavelength A, is scattered at the apex of the 
tip in the proximity of the studied specimen 
(Fig. 1A). The obtained signal is governed by the 
local electric field of the polariton wave launched 
by the tip, rendering nanometer spatial reso- 
lution as the tip is raster-scanned over the sam- 
ple. The principal characteristics of polaritons, 
including wavelength i,, confinement ratio \o/ 
Ap, and quality factor Q (Table 1), reveal that 
vdW polaritons are simultaneously compact and 
long-lived. The polariton wavelength can often 
be tuned with various methods, of which elec- 
trical gating is of paramount importance. These 
characteristics render vdW polaritons comple- 
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mentary and sometimes superior to those ob- 
served in more conventional materials (3, 4). 

A major challenge of polariton imaging and 
spectroscopy stems from the large momentum 
mismatch with free-space photons. However, ex- 
perimentalists are becoming increasingly adept 
at overcoming this difficulty. Figure 2 displays 
various coupling schemes. Coherent launchers 
(Fig. 2, A to C) have relatively small coupling cross 
sections, although they can be enhanced through 
optical antennas, including AFM tips (Fig. 2C) 
and metal bars or disks (5). Incoherent launchers 
(Fig. 2, D to F) can reach order-unity efficiency; 
in particular, electron beams (Fig. 2D) eventually 
will enable an impressive combination of energy 
and space resolution (6). 


Primer on polaritons 


Polariton dispersion in thin layers 


When the sample thickness d is much smaller 
than the wavelength A, of polaritons, only the in- 
plane optical response of the material is impor- 
tant. In this thin-film limit, one finds 


2 
by == ae Im =}, d<’ (I) 


where e, is the permittivity of the environment, 
o is the in-plane conductivity, w is the frequency, 
and x, is the in-plane polariton wave vector. The 
field of the polariton wave decreases exponen- 
tially away from the interface over a characteristic 
distance ~A,/2n. It is common to describe o in 
Eq. 1 as the sum 


i Se 


- -1 
TO + It, 


Lt OS), 
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2 2 a | 
To - @, + 21, 


The first (Drude) and the second (Lorentz) terms 
represent the contribution of free (f) and bound 
(b) charges, respectively. The latter can also ac- 
count for optical phonons. Different vdW mate- 
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rials can be modeled with a suitable choice of 
parameters in Eq. 2: the spectral weights S¢ 
and S,, the exciton/phonon frequency w,, and 
the phenomenological relaxation times t; and 
t (related to Q in Table 1 by t = Q/a). 

The spectral weights in Eq. 2, and therefore 
the polariton wavelengths of vdW materials, are 
often tunable. In graphene, S; scales with the 
Fermi energy Ep according to S; ~ (e/h)’Ep (where 
e is the charge on the electron and h is the Planck 
constant divided by 27) (7); the value of S; can be 
controlled via electrical gating, doping, and photo- 
excitation. In insulators, where Sj, ~ (e7/?) FO, 
the dimensionless parameter f scales linearly 
with the number JV of atomic layers. In particular, 
Son ~N\/m/M << 1 for optical phonons and fe, ~ 
N(D/eae,)” for excitons. Here, m, M, a.,, and D are 
the electron mass, the atomic mass, the exciton 
Bohr radius, and the exciton transition dipole, 
respectively. In superconductors, the total Drude 
weight is constant but is split between normal- and 
super-current components, with a relative weight 
depending on temperature. When applied to 
graphene, Eqs. 1 and 2 readily explain why the 
surface plasmon polariton (SPP) confinement 
ratio Ao/Ap = (€/a)(hw/2E;) >> 1 can be extra- 
ordinarily high (8): 4o/Ap scales with the inverse 
of the fine-structure constant a ~ 1/137. How- 
ever, a Stronger confinement is accompanied by 
larger damping rate 1;' [which also increases 
with o (9, 10)]. 


Polariton dispersion in slabs 
and heterostructures 


For highly confined polaritons (or thicker sam- 
ples), the condition A, >> d may not hold, so the 
polariton dispersion becomes more intricate 
(Fig. 3). Both the in- and out-of-plane responses 
need to be considered, and it is more conve- 
nient to use the permittivity tensor, whose in- 
plane component e) relates to o(w) as ey) = 1+ 
(4nio/md), whereas the out-of-plane component 
e, may differ from e) in both magnitude and sign 
because of the strong anisotropy of vdW mate- 
rials (Fig. 3, E and F). Additional complications 
arise if the sample is a heterostructure made of 
dissimilar vdW materials (metals, insulators, or 
semiconductors). These more complex dispersions 
can be dissected into simpler elements (J/, 12) 
as in Fig. 3, A to G. 

SPPs are supported by materials that possess 
mobile charges: metals, doped semiconductors, 
and superconductors. We find three types of elec- 
tromagnetic modes in these materials (Fig. 3A): 
two in the bulk (photon and plasmon) and one 
confined at the surface (lower curve, representing 
the TM-polarized SPP). The transverse upper branch 
also starts at frequency , and disperses upward at 
higher wave vector k. This behavior results from 
level repulsion between the photon (dashed line 
in Fig. 3A) and the zero-frequency (Drude) res- 
onance of the conductor. The high-k SPP is often 
referred to as a surface plasmon (SP). Its disper- 
sion asymptotically approaches Wsp = Mp A/2. 

The SPPs at the surfaces of a thin conduct- 
ing film of thickness d << ¢/@, split into two 
branches of opposite symmetry. The lower, 
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Table 1. Characteristics of polaritons in vdW materials. Tunability methods marked with asterisks indicate already demonstrated results. All experimental 
entries are obtained under ambient conditions, except for Cooper-pair plasmons at T = 5 K. SPP, surface plasmon polariton; DE, dielectric environment; N/A, 
not available. 


paeias Image Energy range (meV) ps vie max Q Tunability methods References 
Dirac SPP (graphene) Fig. 1A <1000 50 to 450 220 40 Gating,* doping,* (10, 20, 21, 100) 
photoexcitation,* DE* 
Spe oes eee aieaeenen AE a Oe ae . Hie cece Viigo mercer oes Rene 
photoexcitation, DE* 
Pe aoa anc Pane hat Se eee aie ae ae Sao ane ee Cerne Rec bE Ne eee es eee 
(carbon nanotubes) 
rere es tb ses Sno es aac nee ae ee ee Reet terse ere Tes 
(graphene/hBN moiré photoexcitation 


Hyperbolic plasmon-phonon N/A 8 to 20 Gating,* doping,* (93) 
__polaritons [BizSes, (Bi,Sb)2 Tes] photoexcitation 


bolic phonon polariton Fig. 1G 90 to 110 (type 1), 200 to 1000 50 200 Crystal thickness,* DE* (17, 82, 102-104) 
170 to 200 (type Il) 


N/A <200 7 to 5000 900 § 


plasmon polaritons (cuprate 
a AALS rela eS 6) de dae oa eg eR dee We eR ee Deer eM Meee ee er ae 


Anisotropic SPP N/A <60 (k || T-X), (109) 
(black phosphorus) =A0 (k ||| T-¥) 


Fig. 1. Polaritons in vdW materials visualized through near-field nanoimaging. (A) Dirac plasmons in graphene (20, 21). [Reproduced from (20)] (B) Edge 
plasmons at the boundary of a graphene nanoresonator (64, 65). [Reproduced, with permission, from (65)] (C) One-dimensional plasmons in a carbon nanotube 
(30). [Reproduced, with permission, from (30)] (D) Superlattice plasmons in graphene-h-BN moiré superlattices (24). [Reproduced from (24)] (E) Hybrid 
plasmon-phonon polaritons in graphene on h-BN (60). [Reproduced from (60)] (F) Exciton polaritons (45) in WSes. [Reproduced, with permission, from (45)] 
(G) Hyperbolic phonon polaritons in a h-BN slab (102), propagating as guided waves (schematic line). 
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Fig. 2. Launching and visualizing polaritons. (A to F) Excitation and prob- 
ing of vdW polaritons (blue arrows) can be achieved using (A) periodic struc- 
tures (110-112), (B) nonlinear wave mixing (95), (C) antenna-like nanotips 
(20, 21), (D) electron beams (113), (E) quantum dots and localized emitters 
(114, 115), and (F) electron tunneling (116). Polaritons produced by processes 
shown in (A) to (C) maintain phase coherence with respect to the external 


symmetric branch corresponds to the thin- 
film plasmons (Eq. 1 and Fig. 3B). For k >> 1/d, 
both of these branches are localized to the 
film surfaces and are nearly degenerate. A set 
of guided waves above the bulk plasmon fre- 
quency @, may also exist between the light lines 
of vacuum and the material (tilted dashed lines 
in Fig. 3B) for films with high-frequency permit- 
tivity larger than unity. 


Phonon and exciton polaritons 
in dielectrics 


A typical bulk dielectric exhibits three modes: 
two transverse optical branches of phonon 
polaritons (PhPs) wro, generated by hybridiza- 
tion of a photon (dashed line in Fig. 3C) and a 
TO phonon; and one longitudinal phonon @ 0, 
analogous to the bulk plasmon in a metal. In a 
semi-infinite dielectric, a surface phonon polar- 
iton (SPhP) emerges inside the bulk stop band 
@ro < ® < @o. In thin slabs (Fig. 3D), the PhP 
branches split into guided modes while the SPhP 
generates symmetric and antisymmetric modes 
similar to SPPs in metal films. The mode struc- 
ture of exciton polaritons in semiconductors is 
similar to that of phonon polaritons in dielec- 
trics, except that the role of wro is played by 
the exciton energy and the dispersion at large 
momenta is quadratic: w(k) = @o + (Ak?/2Mmex), 
where mx is the exciton mass. The ®,o0-Wro gap 
in excitonic systems is referred to as the Rabi 
splitting. 


Hyperbolic media and waveguide modes 


Hyperbolic materials exhibit permittivities of 
opposite signs along different directions. In 
particular, type II hyperbolic materials possess 
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Wave mixing 


positive €), and negative e,. In anisotropic polar 
dielectrics, this regime may be realized within 
stop bands. Hyperbolicity leads to birefringence, 
with the dispersion relations of the ordinary and 
extraordinary rays given by w/c” = (Aj + k7)/e, 
and w/c? = (kj/e,) + (A/e\), respectively. The 
extraordinary rays have peculiar isofrequency 
open surfaces, shaped as single-sheet hyper- 
boloids (13-15). When projected on the w-k, 
plane, the hyperboloids fill a continuous region 
(orange fringes in Fig. 3E). The transverse k) 
and axial k, momenta of these extraordinary 
polaritons can be very large, being limited only 
by the atomic structure of the material. 

Polaritons can only propagate at angles 6 or 
m - 9 with respect to the optical axis satisfying 
the relation tan 0 = |e, /e, }/?. This implies that 
the polariton can be focused into narrow beams 
that do not spread laterally as they propagate 
through the material (see below). A thin slab 
with surfaces normal to the optical axis sup- 
ports weakly confined surface modes that evolve 
into the principal branch of the guided waves 
as k increases (Fig. 3F). This is accompanied by 
numerous higher-order branches (Fig. 3F) that 
arise from splitting of the extraordinary ray con- 
tinuum in Fig. 3E. The group velocity can be neg- 
ative in a hyperbolic material, as demonstrated 
by direct imaging (16, 17). Hyperbolic electro- 
dynamics is ubiquitous in vdW materials and 
originates not only in the phonon modes (Fig. 
3, E and F) but also in a highly anisotropic 
electronic response. 

Plasmon-phonon polaritons are more com- 
plex modes involving the hybridization of the 
corresponding elemental excitations in hetero- 
structures. For example, in graphene supported 
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Quantum dot 


illumination, in contrast to mechanisms shown in (D) to (F), which are in- 
elastic. A variant of (A) has been proposed that relies on surface acoustic wave 
modulation (117 118). Sample edges (64, 65) also provide additional momentum 
to mediate light-polariton coupling. Localized polaritons confined to nanoislands 
can be resonantly excited by incident light. Radiative outcoupling of polaritons 
can be visualized by reversing the arrows in (A) to (C). 


by hexagonal boron nitride (h-BN) (/8, 60) 
(Fig. 3E), the hyperbolic guided waves (13-15) 
appear in the two bands marked type I and type 
II. Outside these bands, one finds SPP and SP 
branches similar to those in Fig. 3B. The slope 
of the SP dispersion—the group velocity v,—is 
much smaller than c: The light cone is nearly 
vertical (and hence invisible) in Fig. 3G. Addi- 
tionally, v, nearly everywhere exceeds the Fermi 
velocity and the plasmon does not overlap the 
electron-hole pair continuum (green region in 
Fig. 3G), so Landau damping is prevented. 


New physics revealed 
by polaritonic observations 


Polaritons in vdW materials provide unique op- 
portunities for exploring electronic phenomena 
and lattice dynamics. In particular, polaritonic 
images grant us access into regions of the dis- 
persion relations of various excitations beyond 
what is attainable with conventional optics. 


Interactions and many-body effects 


The decay rate and wavelength of plasmonic and 
polaritonic waves (Fig. 1) are determined by the 
complex optical conductivity o(k, w) of the me- 
dium that supports these waves. It is thus possi- 
ble to reconstruct o(K, w) from polaritonic images, 
which contain information on both electronic 
and lattice dynamics (10, 19-21). Specifically, the 
periodicity of plasmonic waves in graphene (Fig. 
1A) is determined by the imaginary part of the 
conductivity, whereas the rate at which these 
waves decay into the interior of the samples is 
governed by Re o/Im o. The plasmon propaga- 
tion length ~(Im o/Re o)Ap has been shown to 
reach ~1 um (i.e., tens of plasmon wavelengths) in 
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Fig. 3. Polariton dispersions. (A) Bulk conductors (metals or doped semiconductors). (B) Thin conducting films. (C) Isotropic polar dielectrics. (D) Thin 
polar dielectric slabs. (E) Type II hyperbolic materials. (F) Thin slab of a type II hyperbolic material with its optical axis normal to the surfaces. (G) Graphene— 
h-BN heterostructures (10). The horizontal axis is the transverse wave vector in (E) and the 3D bulk or in-plane wave vector in the other plots, depending on 


the mode. [Adapted from (10)] 


high-mobility encapsulated graphene (J0, 19). 
The corresponding lifetime, ~500 fs, is only weakly 
dependent on gate voltage or probing photon 
frequency from the terahertz to mid-infrared 
regimes (22). This result is consistent with the 
dominant role of acoustic phonons in scatter- 
ing processes (9), a conjecture further sup- 
ported by theoretical analysis of the m and k 
dependence of the plasmon scattering rate 1’ = 
(Re o/Im o)w (Fig. 4A). Data on interactions 
among electrons, phonons, and plasmons in 
other vdW systems are fragmentary, but im- 
plications of these interfacial effects may be 
quite spectacular. For example, coupling between 
electrons in monolayer FeSe and phonons in 
SrTiO; appears as a viable mechanism for high- 
temperature superconductivity in FeSe/SrTiO, 
heterostructures (23). 


Polaritonic probe of the electronic 
structure and inhomogeneities 


Equations 1 and 2 establish that images of 
polaritonic waves in a given medium encode 
the optical conductivity, and hence the funda- 
mental information about intraband, interband, 
and excitonic effects within that medium. For 
example, the analysis of plasmonic reflections 
and standing waves has been used to decipher 


the electronic structure of moiré superlattices 


aagl1992-4 


14 OCTOBER 2016 * VOL 354 ISSUE 6309 


formed at the interface of slightly mismatched 
hexagonal lattices of graphene and h-BN (24). 
Moiré patterns are periodic superlattice struc- 
tures that appear when two crystals with a 
small lattice mismatch are superimposed. Moiré 
superlattices reveal the energy gap in the other- 
wise gapless electronic structure of graphene 
and therefore modify the conductivity o(k, o). 
The boundary between plain and superlattice 
graphene is thus associated with an abrupt 
change of the electronic conductivity—a property 
that prompts plasmonic reflections (Fig. 1D). The 
magnitude of the moiré-induced energy gap is 
inferred from a systematic analysis of these 
plasmonic patterns collected at different wave- 
lengths for specimens with different doping. 
Plasmonic reflections also occur at other forms 
of electronic discontinuities, including grain 
boundaries in extended graphene films (25, 26), 
stacking domains (Fig. 4C) in bilayer graphene 
(27), and nanometer-scale local gates (28, 29). In 
particular, a carbon nanotube (CNT) gate acts 
as a perturbation produced by a line of charge, 
which introduces 1D-bound states in an adjacent 
graphene layer. In a related context, plasmons 
imaged in CNTs (Fig. 1C) are found to exhibit 
approximately doping- and frequency-independent 
(quantized) group velocity, which is a consequence 
of the 1D nature of these materials (30). We note 


that 1D phonon polaritons are also observed in 
BN nanotubes (37). 


Polaritons far and away from equilibrium 


When subjected to photoexcitation by short and 
intense optical pulses, vdW polaritons can ra- 
dically change their properties (32). Hyperspectral 
near-field imaging of graphene under intense 
optical pumping (79) (Fig. 4B) uncovers the 
emergence of mid-infrared plasmons in a speci- 
men that shows no such modes in equilibrium 
because of its low Drude spectral weight S; 
(Eq. 1). This effect is driven by thermal smearing 
of conduction electrons, which produces a boost 
in S; & kpT (where kz is the Boltzmann con- 
stant); the electron temperatures can be as high 
as T = 5000 K (33). Ultrafast heating of elec- 
trons and plasmons may realize a regime in 
which the dynamics of an approximately equal 
number of electrons and holes in graphene re- 
sembles the behavior of viscous liquids de- 
scribed by relativistic hydrodynamics (34, 35). 
Several theoretical works have discussed plas- 
mon amplification in vaW materials (36, 37) 
under photoexcitation, followed by a recent ex- 
perimental report (38). Apart from probing in- 
herent nonlinearities of the materials (39), an 
experimental implementation of these ideas may 
uncover pathways for mitigating or eliminating 
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Fig. 4. Spectroscopy and imaging of polaritons enable a new line of 
inquiry into the fundamental physics of the media supporting polaritonic 
behavior. (A) Scattering rate 1 1(k, w) for Dirac plasmons in monolayer graphene 
calculated (9) for three selected values of the in-plane wave vector k. Shaded 
areas correspond to stop bands. [Reproduced, with permission, from (9)] 
(B) Photoexcitation of semi-infinite monolayer graphene with intense femto- 
second pulses increases electronic temperature and enhances the spectral 
weight available for surface plasmons. Hyperspectral images (19) of the 
photoinduced change in the scattering amplitude As(@, x) reveal the dispersion 


electronic losses in the plasmonic or polaritonic 
response. An alternative route for loss com- 
pensation consists of fulfilling the optical gain 
condition Re o(@) < 0 by means of population 
inversion, an effect recently demonstrated (40) 
in the frequency range of excitonic transitions 
in WS,. 


High-temperature exciton polaritons 


Atomically thin transition metal dichalcogenides 
(TMDs), including MoS, and MoSes, exhibit 
strong many-body effects due to their high ef- 
fective carrier masses and low dielectric per- 
mittivities. Monolayers of TMDs are direct-gap 
semiconductors that host excitons with bind- 
ing energies from 0.4 to 0.9 eV (41, 42). When 
integrated in an optical cavity, TMDs may form 
exciton polaritons, provided that the cavity- 
enhanced exciton-photon coupling (i.e., the Rabi 
frequency) exceeds the exciton decay rate (on 
the order of tens of meV). A realization of this 
regime was recently reported in a MoSe,-based 
heterostructure (Fig. 4D) at 4.2 K (43) with a 
Rabi frequency of 29 meV and a clearly resolved 
avoided crossing of exciton and photon disper- 
sions. Similar results were obtained for MoS, (44). 
The lower-# part of the exciton polariton-guided 
waves (Fig. IF) has been imaged in thin WSe, 
crystals under ambient conditions (45), in a re- 
gime where these propagating modes have a 
dominant photon character (Fig. 1F). 

A challenge for future nanoimaging experi- 
ments is to probe the strongly confined, large-k 
part of the exciton polariton branches. The exciton 
and exciton polariton propagation lengths are ex- 
pected to be greatly enhanced if they form con- 
densates, which are also predicted to occur in TMDs 
near room temperature (46), more than one order 
of magnitude higher than in conventional inor- 
ganic semiconductors. The interaction of exciton 
polariton condensates with a two-dimensional 
electron system of vdW materials may enable a 
new pathway toward high-temperature supercon- 
ductivity (47, 48). Diverse polaritonic phenomena 
of excitonic origin may also be anticipated in 
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CNTs, in view of the strong excitonic dipole activity 
of these 1D systems (49, 50). 


Spatial dispersion 

Nonlocal effects in the conductivity become rele- 
vant when the polariton wavelength is comparable 
with the Fermi wavelength ;. These phenomena 
remain largely unexplored in vdW materials. 
Nonlocal effects are typically investigated using 
momentum-resolved methods such as electron 
energy-loss spectroscopy, but they appear to be 
within reach for nano-optics techniques in view 
of the large values of A; in vdW layers. Nano- 
imaging and nanospectroscopy experiments allow 
one to determine the nonlocal conductivity (10, 57) 
o(Kp, ©). Future nano-infrared measurements may 
provide additional insight into other momentum- 
dependent electronic phenomena (52). 


Topological polaritonics 


Topological order and Berry phases are playing 
a prominent role in the understanding of elec- 
tronic properties of vdW solids such as chirality 
and anomalous Hall conductivity. These intriguing 
properties have implications in photonics and 
polaritonics (53, 54). For example, in gapped (bi- 
layer) graphene or TMDs, the anomalous Hall 
conductivities of the two valleys cancel each an- 
other in equilibrium. This cancellation can be 
removed through pumping with circularly polar- 
ized light, leading to a chiral polaritonic response 
(55, 56). Among many fascinating predictions 
exploring the roles of topology and chirality in 
polariton propagation, we mention those of chiral 
edge modes of plasmonic and excitonic origin (57). 
Recent observations of edge plasmons in graphene 
nanoribbons (Fig. 1B) fulfill the preconditions for 
exploring topological properties via polaritons. 


Tailoring polaritonic characteristics 
specific to vdW materials 


Stacking 


Restacking of exfoliated and/or epitaxial vaW 
layers yields vertical heterostructures in which 


of photoinduced plasmons (red traces). A vertical line indicates the edge of the 
graphene sample. Dashed lines are theoretical fits. [Reproduced from (19)] 
(C) Nano-infrared contrast produced by plasmonic reflections at topologica 
domain boundaries in bilayer graphene (27). [Reproduced, with permission, 
from (27)] (D) Exciton-photon coupling in a MoSes double quantum-well hetero- 
structure showing an anticrossing between the neutral exciton and discrete cav- 
ity modes at 4.2 K. Top: A fit to the peak position as a function of detuning yields 
a Rabi splitting of 29 meV. Bottom: The upper and lower polariton branches 
(UPB and LPB) are well resolved spectrally (43). [Reproduced from (43)] 
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electromagnetic coupling between polaritonic 
modes of proximal planes gives rise to new op- 
tical properties beyond those of the individual 
constituents. For example, mid-infrared plasmons 
in graphene hybridize with phonon polaritons 
of an underlying polar substrate (78, 51, 58, 59). 
Hyperbolic polaritons observed in graphene- 
h-BN stacks (60) inherit electrostatic tunability 
from graphene and long propagation lengths 
from phonons in h-BN. Changes in electronic 
structure produced by interlayer interaction 
can further give rise to modified polaritonic 
response—for example, in rotationally aligned 
graphene-h-BN stacks, where the formation of 
long-period moiré superlattices modifies the 
dispersion and lifetime of composite plasmon 
polaritons (24). Finally, chiral twisted stacks 
may exhibit optical gyrotropy (61, 62). 


Nanostructuring 


Nanostructuring is commonly used to produce 
systems with reduced dimensionality, includ- 
ing stripes, discs, and nanocones of h-BN (63). 
Both artificial and natural boundaries of vaW 
samples harbor 1D polaritonic edge modes that 
reveal a dispersion distinct from that of “bulk” 
polaritons in the interior of vdW crystals (64, 65). 
Similarly, 1D modes are likely to occur at do- 
main walls, lateral Josephson junctions, and 
p-n junctions. 


Controls 


Unlike conventional plasmonic media, vdW ma- 
terials are amenable to active tuning of their 
polaritonic properties via chemical doping and 
gating. Graphene is a paramount example of this 
tunability. Additionally, doping of vdaW semicon- 
ductors such as black phosphorus (66) affects the 
interplay between spectrally overlapping intra- 
and interband responses, which has an impact 
on their hyperbolic behavior (67). Persistent 
switching of optical properties can be realized 
in vdW/ferroelectric multilayers and by manip- 
ulating defects in h-BN layers (68). Optical pump- 
ing provides a mechanism of ultrafast control 
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Fig. 5. Impending applications and future opportunities. (A) Subdiffractional focusing via phonon polaritons in h-BN (16, 82). Top: Au discs are 


deposited on the bottom surface of a h-BN slab. M 


iddle: Image obtained on the top surface of the slab using a broadband source centered at Ao = 12.5 um; 


scale bar, 500 nm. Bottom: Image of a pattern showing subdiffractional features, acquired with Ao = 6 um; scale bar, 1 um. [Reproduced from (16, 82)] (B) Schematics 
of a quantum-cascade laser (QCL) with emission controlled by plasmons in the top graphene layer (77 78). [Reproduced from (78)] (C) Resonant absorption in 
graphene plasmonic strips for spectroscopic fingerprinting (83). [Reproduced from (83)] (D) Proposed structure for investigating cavity electrodynamics of 
Josephson plasmons (98). LCO, LazCuOy; LSCO, Laz_,Sr,CuO4; SRO, SrRuO3. [Reproduced, with permission, from (98)] 


(40, 69, 70). Also, both strain and photoexcita- 
tion with circularly polarized light lift the 
valley degeneracy in vdW materials such as 
bilayer graphene and TMDs (77), enabling one to 
explore valley-selective phenomena. An expand- 
ing list of polaritonic “control knobs” includes 
population inversion (40), n- and p-type doping 
of graphene upon photoexcitation (69), mag- 
netic fields applied to graphene (72), and strain 
engineering of excitons in WSez (73). 


Impending applications 


The unusual optical properties displayed by 
vdW materials offer exciting opportunities for 
technological applications (74). 


Light trafficking 


Polariton nanoimaging experiments in vdW 
materials (Fig. 1) revealed that these ultracom- 
pact light-matter modes are capable of carrying 
optical signals over many micrometers in some 
cases. Furthermore, the propagation, reflection, 
and refraction of polaritons can be readily con- 
trolled by heterostructuring or through stimuli 
such as electrical gating (20, 27). Thus it is fea- 
sible to implement transformational polaritonics 
(75), polaritonic transistors, and integrated nano- 
photonic circuits using vdW systems. In hetero- 
structures combining chiral and hyperbolic layers, 
it may be possible to produce polaritons topolog- 
ically protected from backscattering, which could 
lead to protected unidirectional propagation and 
robustness against disorder (53, 76). 


Electro-optical modulators 


Integration of vaW materials with semiconductor 
photonics is equally appealing. Early demonstra- 
tions (Fig. 5B) include quantum-cascade lasers 
with tunable emission characteristics (77, 78) 


aagl1992-6 


and electrically controlled modulators (79-81). 
The extreme reduction of the polariton wave- 
length in vdW materials should enable the design 
of ultrasmall spectrometers on a chip, with spec- 
tral resolution achieved through using different 
structures with polaritonic resonances covering 
a dense and broad set of frequencies. 


Subdiffractional focusing and imaging 


Compact but mobile phonon polaritons have 
already been used for subwavelength focusing 
and imaging (Fig. 5A), taking advantage of the 
hyperbolic dispersion of h-BN (16, 82). These 
properties could find application in detector ar- 
rays and lithographic imprinting at unprece- 
dentedly small scales. 


Optical sensing 


Part of the success of metal-based plasmonics 
lies in its application to sensing, down to single 
molecules. This is made possible by exploiting the 
large concentration of electromagnetic energy as- 
sociated with these optical modes. vdW polaritons 
produce even higher levels of field confinement 
than traditional plasmonic metals and therefore 
hold great potential for sensing. In particular, 
graphene-enabled ultrasensitive detection has 
recently been demonstrated for biological (83) 
and inorganic (84) molecules (Fig. 5C). 


Light emission, amplification, and lasing 


Spontaneous emission from a light-emitting de- 
vice can be improved by coupling the radiated 
energy to polaritons (2, 85). This effect is partic- 
ularly pronounced at the interface with hyper- 
bolic media, where the photon density of states 
is greatly enhanced (13-15). The substantial field 
enhancement can also be used for efficient heat 
transfer at the nanoscale. Additionally, the low 
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saturation threshold of graphene has been exploited 
in fast mode-locked lasers (86), and polaritons 
in WSe, have recently been harnessed to imple- 
ment an ultralow-threshold nanocavity laser (87). 


Looking into the future 


Polaritons in correlated 
van der Waals materials 


Among the spectacular polaritonic effects in- 
trinsic to vdW crystals, we highlight the Josephson 
plasmon originating from Cooper-pair tunneling 
between CuO, planes in layered cuprate high-T, 
superconductors (88). Propagating and non- 
equilibrium Josephson plasmons are expected 
to provide insights (89, 90) into the unconven- 
tional superconductivity of these materials. Fur- 
thermore, the natural hyperbolic behaviors of 
cuprates, topological insulators (14, 9J-93), and 
other anisotropic vaW compounds are yet to be 
exploited for imaging and focusing in a fashion 
similar to what has been done for h-BN (Fig. 5A). 


Quantum and nonlinear optics 
with vdW polaritons 


Decoherence is arguably the most serious impedi- 
ment for a wide adoption of quantum technologies. 
The extreme concentration of electromagnetic 
energy associated with single polariton states 
in vdW materials can increase quantum inter- 
action with neighboring optical emitters. Thus, 
it may be possible to reach the single-photon 
strong-coupling regime under ambient condi- 
tions, accompanied by nonlinearities down to 
the single-photon level (94). Notably, vaW mate- 
rials exhibit unprecedented levels of nonlinearity, 
as revealed by wave-mixing experiments (95) 
as well as by harmonic-generation measure- 
ments (96), which are predicted to be boosted 
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by polaritonic field enhancement (97). Further 
explorations of nonlinear effects in vdW high-T, 
superconductors may enable manipulation of 
the superconducting order parameter and phase 
coherence under nonequilibrium conditions (98). 
Strongly confined plasmonic modes in vaW ma- 
terials may lead to increased rates of high-order 
multipolar transitions, two-plasmon spontaneous 
emission, and spin-flip transitions (99). 

The study of polaritons in vaW materials is a 
vibrant area of research at the vanguard of phys- 
ics, materials science, and engineering. Hetero- 
structuring of atomic vdW layers, in conjunction 
with the inherent sensitivity of this class of ma- 
terials to external stimuli, has uncovered oppor- 
tunities for on-demand photonic and polaritonic 
characteristics. Novel visualization techniques 
have revealed the rich physics of vdW layers 
encoded in observed images of polaritonic waves. 
Nanoscale near-field imaging of polaritons is 
emerging as an experimental method providing 
new insights into quantum phenomena not at- 
tainable with conventional spectroscopies. Given 
the omnipresence of polaritons in condensed- 
matter systems, we anticipate this line of inqui- 
ry to continue to unfold novel effects in other 
classes of quantum materials. 
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INTRODUCTION: The biodiversity-productivity 
relationship (BPR; the effect of biodiversity on 
ecosystem productivity) is foundational to our 
understanding of the global extinction crisis 
and its impacts on the functioning of natural 
ecosystems. The BPR has been a prominent 
research topic within ecology in recent decades, 
but it is only recently that we have begun to 
develop a global perspective. 


RATIONALE: Forests are the most important 
global repositories of terrestrial biodiversity, 
but deforestation, forest degradation, climate 
change, and other factors are threatening 


approximately one half of tree species world- 
wide. Although there have been substantial 
efforts to strengthen the preservation and 
sustainable use of forest biodiversity through- 
out the globe, the consequences of this di- 
versity loss pose a major uncertainty for ongoing 
international forest management and conser- 
vation efforts. The forest BPR represents a 
critical missing link for accurate valuation of 
global biodiversity and successful integration 
of biological conservation and socioeconomic 
development. Until now, there have been limited 
tree-based diversity experiments, and the forest 
BPR has only been explored within regional- 
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Global effect of tree species diversity on forest productivity. Ground-sourced data from 777,126 
global forest biodiversity permanent sample plots (dark blue dots, left), which cover a substantial portion 
of the global forest extent (white), reveal a consistent positive and concave-down biodiversity- 
productivity relationship across forests worldwide (red line with pink bands representing 95% con- 
fidence interval, right). 
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scale observational studies. Thus, the strength 
and spatial variability of this relationship re- 
mains unexplored at a global scale. 


RESULTS: We explored the effect of tree 
species richness on tree volume productivity at 
the global scale using repeated forest invento- 


ries from 777,126 perma- 


nent sample plots in 44 


Read the full article Countries containing more 
at http://dx.doi. than 30 million trees from 
org/10.1126/ 8737 species spanning most 
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of the global terrestrial bi- 
omes. Our findings reveal a 
consistent positive concave-down effect of bio- 
diversity on forest productivity across the world, 
showing that a continued biodiversity loss would 
result in an accelerating decline in forest 
productivity worldwide. 

The BPR shows considerable geospatial var- 
iation across the world. The same percentage of 
biodiversity loss would lead to a greater relative 
(that is, percentage) productivity decline in the 
boreal forests of North America, Northeastern 
Europe, Central Siberia, East Asia, and scattered 
regions of South-central Africa and South-central 
Asia. In the Amazon, West and Southeastern 
Africa, Southern China, Myanmar, Nepal, and 
the Malay Archipelago, however, the same per- 
centage of biodiversity loss would lead to greater 
absolute productivity decline. 


CONCLUSION: Our findings highlight the 
negative effect of biodiversity loss on forest 
productivity and the potential benefits from 
the transition of monocultures to mixed-species 
stands in forestry practices. The BPR we dis- 
cover across forest ecosystems worldwide 
corresponds well with recent theoretical ad- 
vances, as well as with experimental and ob- 
servational studies on forest and nonforest 
ecosystems. On the basis of this relationship, 
the ongoing species loss in forest ecosystems 
worldwide could substantially reduce forest pro- 
ductivity and thereby forest carbon absorption 
rate to compromise the global forest carbon 
sink. We further estimate that the economic 
value of biodiversity in maintaining commer- 
cial forest productivity alone is $166 billion to 
$490 billion per year. Although representing 
only a small percentage of the total value of 
biodiversity, this value is two to six times as 
much as it would cost to effectively implement 
conservation globally. These results highlight 
the necessity to reassess biodiversity valuation 
and the potential benefits of integrating and 
promoting biological conservation in forest 
resource management and forestry practices 
worldwide. 
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Positive biodiversity-productivity 
relationship predominant 
in global forests 
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The biodiversity-productivity relationship (BPR) is foundational to our understanding of the 


global extinction crisis and its impacts on ecosystem functioning. Understanding BPR is critical 
for the accurate valuation and effective conservation of biodiversity. Using ground-sourced data 


from 777,126 permanent plots, spanning 44 countries and most terrestrial biomes, we reveal 
a globally consistent positive concave-down BPR, showing that continued biodiversity loss 


would result in an accelerating decline in forest productivity worldwide. The value of biodiversity 


in maintaining commercial forest productivity alone—US$166 billion to 490 billion per year 
according to our estimation—is more than twice what it would cost to implement effective 
global conservation. This highlights the need for a worldwide reassessment of biodiversity 


values, forest management strategies, and conservation priorities. 


he biodiversity-productivity relationship 

(BPR) has been a major ecological research 

focus over recent decades. The need to 

understand this relationship is becoming 

increasingly urgent in light of the global 
extinction crisis because species loss affects the 
functioning and services of natural ecosystems 
(1, 2). In response to an emerging body of evidence 
that suggests that the functioning of natural eco- 
systems may be substantially impaired by reductions 
in species richness (3-10), global environment- 
al authorities, including the Intergovernmental 
Platform on Biodiversity and Ecosystem Services 
(IPBES) and United Nations Environment Pro- 
gramme (UNEP), have made substantial efforts 
to strengthen the preservation and sustainable use 
of biodiversity (2, 17). Successful international 
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collaboration, however, requires a systematic asses- 
sment of the value of biodiversity (77). Quantifi- 
cation of the global BPR is thus urgently needed 
to facilitate the accurate valuation of biodiversity 
(12), the forecast of future changes in ecosystem 
services worldwide (1), and the integration of 
biological conservation into international socio- 
economic development strategies (13). 

The evidence of a positive BPR stems primarily 
from studies of herbaceous plant communities 
(14). In contrast, the forest BPR has only been 
explored at the regional scale [(3, 4, 7, 15) and 
references therein] or within a limited number 
of tree-based experiments [(16, 17) and references 
therein], and it remains unclear whether these 
relationships hold across forest types. Forests 
are the most important global repositories of 
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terrestrial biodiversity (78), but deforestation, 
climate change, and other factors are threat- 
ening a considerable proportion (up to 50%) of 
tree species worldwide (19-27). The consequences 
of this diversity loss pose a critical uncertainty for 
ongoing international forest management and 
conservation efforts. Conversely, forest manage- 
ment that converts monocultures to mixed-species 
stands has often seen a substantial positive effect 
on productivity with other benefits (22-24). Al- 
though forest plantations are predicted to meet 50 
to 75% of the demand for lumber by 2050 (25, 26), 
nearly all are still planted as monocultures, high- 
lighting the potential of forest management in 
strengthening the conservation and sustainable 
use of biodiversity worldwide. 

Here, we compiled in situ remeasurement data, 
most of which were taken at two consecutive 
inventories from the same localities, from 777,126 
permanent sample plots [hereafter, global forest 
biodiversity (GFB) plots] across 44 countries and 
territories and 13 ecoregions to explore the forest 
BPR at a global scale (Fig. 1). GFB plots encompass 
forests of various origins (from naturally re- 
generated to planted) and successional stages 
(from stand initiation to old-growth). A total of 
more than 30 million trees across 8737 species 
were tallied and measured on two or more con- 
secutive inventories from the GFB plots. Sampling 
intensity was greater in developed countries, 
where nationwide forest inventories have been 
fully or partially funded by governments. In most 
other countries, national forest inventories were 
lacking, and most ground-sourced data were col- 
lected by individuals and organizations (table S1). 

On the basis of ground-sourced GFB data, we 
quantified BPR at the global scale using a data- 
driven ensemble learning approach (Materials 
and methods, Geospatial random forest). Our 
quantification of BPR involved characterizing 
the shape and strength of the dependency func- 
tion through the elasticity of substitution (6), 
which represents the degree to which species 
can substitute for each other in contributing to 
forest productivity; 8 measures the marginal 
productivity—the change in productivity resulting 
from one unit decline of species richness—and 
reflects the strength of the effect of tree diversity 
on forest productivity, after accounting for cli- 
matic, soil, and plot-specific covariates. A higher 
8 corresponds to a greater decline in productivity 
due to one unit loss in biodiversity. The niche- 
efficiency (N-E) model (3) and several preceding 
studies (27-30) provide a framework for inter- 
preting the elasticity of substitution and approx- 
imating BPR with a power function model: 


P=a-f(X)-S° @) 


where P and S signify primary site productivity 
and tree species richness (observed on a 900-m” 
area basis on average) (Materials and methods), 
respectively; fCX) is a function of a vector of con- 
trol variables X (selected from stand basal area 
and 14 climatic, soil, and topographic covariates); 
and a is a constant. This model is capable of 
representing a variety of potential patterns of 
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BPR. 0 < 6 < 1 represents a positive and concave 
down pattern (a degressively increasing curve), 
which is consistent with the N-E model and pre- 
ceding studies (3, 27-30), whereas other 8 values 
can represent alternative BPR patterns, including 
decreasing (6 < 0), linear (8 = 1), convex (6 > 1), or 
no effect (8 = 0) (Fig. 2) (74, 31). The model (Eq. 1) 
was estimated by using the geospatial random 
forest technique based on GFB data and covariates 
acquired from ground-measured and remote- 
sensing data (Materials and methods). 

We found that a positive BPR predominated 
in forests worldwide. Out of 10,000 randomly se- 
lected subsamples (each consisting of 500 GFB 
plots), 99.87% had a positive concave-down rela- 
tionship with relative species richness (0 < 8 < 1), 
whereas only 0.13% show negative trends, and 
none was equal to zero or greater than or equal 
to 1 (Fig. 2). Overall, the global forest productiv- 
ity increased with a declining rate from 2.7 to 
118 m? ha" year‘ as relative tree species richness 
increased from the minimum to the maximum 


value, which corresponds to a 6 value of 0.26 
(Fig. 3A). 

At the global scale, we mapped the magnitude 
of BPR (as expressed by 9) using geospatial 
random forest and universal kriging. By plotting 
values of @ onto a global map, we revealed con- 
siderable geospatial variation across the world 
(Fig. 3B). The highest 6 (0.29 to 0.30) occurred 
in the boreal forests of North America, North- 
eastern Europe, Central Siberia, and East Asia 
and the sporadic tropical and subtropical forests 
of South-central Africa, South-central Asia, and 
the Malay Archipelago. In these areas of the 
highest elasticity of substitution (32), the same 
percentage of biodiversity loss would lead to a 
greater percentage of reduction in forest produc- 
tivity (Fig. 4A). In terms of absolute productivity, 
the same percentage of biodiversity loss would 
lead to the greatest productivity decline in the 
Amazon; West Africa’s Gulf of Guinea; South- 
eastern Africa, including Madagascar; Southern 
China; Myanmar; Nepal; and the Malay Archi- 


pelago (Fig. 4B). Because of a relatively narrow 
range of the elasticity of substitution (32) esti- 
mated from the global-level analysis (0.2 to 0.3), 
the regions of the greatest productivity decline 
under the same percentage of biodiversity loss 
largely matched the regions of the greatest pro- 
ductivity (fig. S1). Globally, a 10% decrease in tree 
species richness (from 100 to 90%) would cause a 
2 to 3% decline in productivity, and with a de- 
crease in tree species richness to one (Materials 
and methods, Economic analysis), this decline in 
forest productivity would be 26 to 66% even if 
other things, such as the total number of trees 
and forest stocking, remained the same (fig. S4). 


Discussion 


Our global analysis provides strong and consistent 
evidence that productivity of forests would de- 
crease at an accelerating rate with the loss of 
biodiversity. The positive concave-down pattern 
we discovered across forest ecosystems worldwide 
corresponds well with recent theoretical advances 
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in BPR (3, 28-30), as well as with experimental 
(27) and observational (14) studies on forest and 
nonforest ecosystems. The elasticity of substitu- 
tion (32) estimated in this study (ranged between 
0.2 and 0.3) largely overlaps the range of values 
of the same exponent term (0.1 to 0.5) from 
previous theoretical and experimental studies 
[(0) and references therein]. Furthermore, our 
findings are consistent with the global estimates 
of the biodiversity-dependent ecosystem service 
debt under distinct assumptions (J0) and with 
recent reports of the diminishing marginal ben- 
efits of adding a species as species richness in- 
creases, based on long-term forest experiments 
dating back to 1870 [(15, 33) and references therein]. 

Our analysis relied on stands ranging from 
unmanaged to extensively managed forests— 
managed forests with low operating and invest- 


° GFB plots 
Global forest extent 
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10. Montane Grasslands and Shrublands | 
11. Tundra+ 

12. Mediterranean Forests ; 
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ment costs per unit area. Conditions of natural 
forests would not be comparable with intensively 
managed forests, because timber production in 
the latter systems often focuses on a single or 
limited number of highly productive tree species. 
Intensively managed forests, where saturated re- 
sources can weaken the effects of niche efficiency 
(3), are shown in some studies (34, 35) to have 
higher productivity than that of natural diverse 
forests of the same climate and site conditions 
(fig. S3). In contrast, other studies (6, 22-24) com- 
pared diverse stands with monocultures at the 
same level of management intensity and found 
that the positive effects of species diversity on 
tree productivity and other ecosystem services 
are applicable to intensively managed forests. 
As such, there is still an unresolved debate on the 
BPR of intensively managed forests. Nevertheless, 


because intensively managed forests only account 
for a minor (<7%) portion of global forests (78), 
our estimated BPR would be minimally affected 
by such manipulations and thus should reflect 
the inherent processes governing the vast majority 
of global forest ecosystems. 

We focused on the effect of biodiversity on 
ecosystem productivity. Recent studies on the op- 
posite causal direction [productivity-biodiversity 
relationship (/4, 36, 37)] suggest that there may be 
a potential two-way causality between biodiversity 
and productivity. It is admittedly difficult to use 
correlative data to detect and attribute causal ef- 
fects. Fortunately, substantial progress has been 
made to tease the BPR causal relationship from 
other potentially confounding environmental 
variables (14, 38, 39), and this study made con- 
siderable efforts to account for these otherwise 
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Fig. 1. GFB ground-sourced data were collected from in situ remeasure- 
ment of 777,126 permanent sample plots consisting of more than 30 million 
trees across 8737 species. GFB plots extend across 13 ecoregions [vertical 
axis, delineated by the World Wildlife Fund where extensive forests occur within 
all the ecoregions (72)], and 44 countries and territories. Ecoregions are named 
for their dominant vegetation types, but all contain some forested areas. GFB plots 
cover a substantial portion of the global forest extent (white), including some of the 
most distinct forest conditions: (a) the northernmost (73°N, Central Siberia, Russia), 
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(b) southernmost (52°S, Patagonia, Argentina), (c) coldest (-17°C annual mean 
temperature, Oimyakon, Russia), (7) warmest (28°C annual mean temperature, 
Palau, United States), and (e) most diverse (405 tree species on the 1-ha plot, 
Bahia, Brazil). Plots in war-torn regions [such as (f)] were assigned fuzzed co- 
ordinates to protect the identity of the plots and collaborators. The box plots show 
the mean and interquartile range of tree species richness and primary site pro- 
ductivity (both on a common logarithmic scale) derived from ground-measured tree- 
and plot-level records. The complete list of species is presented in table S2. 
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Fig. 2. Theoretical positive and concave-down biodiversity—productivity 
relationship supported by empirical evidence drawn from the GFB data. (Left) 
The diagram demonstrates that under the theoretical positive and concave-down 
(monotonically and degressively increasing) BPR (3, 27, 28), loss in tree species 
richness may reduce forest productivity (73). (Middle) Functional curves rep- 
resent different BPR under different values of elasticity of substitution (0). @ values 


potentially confounding environmental covariates 
in assessing likely causal effects of biodiversity 
on productivity. 

Because taxonomic diversity indirectly incor- 
porates functional, phylogenetic, and genomic 
diversity, our results that focus on tree species 
richness are likely applicable to these other ele- 
ments of biodiversity, all of which have been 
found to influence plant productivity (7). Our 
straightforward analysis makes clear the taxo- 
nomic contribution to forest ecosystem produc- 
tivity and functioning, and the importance of 
preserving species diversity to biological conser- 
vation and forest management. 

Our findings highlight the necessity to reassess 
biodiversity valuation and reevaluate forest man- 
agement strategies and conservation priorities in 
forests worldwide. In terms of global carbon cycle 
and climate change, the value of biodiversity may 
be considerable. On the basis of our global-scale 
analyses (Fig. 4), the ongoing species loss in forest 
ecosystems worldwide (J, 27) could substantially 
reduce forest productivity and thereby forest car- 
bon absorption rate, which would in turn com- 
promise the global forest carbon sink (40). We 
further estimate that the economic value of bio- 
diversity in maintaining commercial forest pro- 
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ductivity is $166 billion to $490 billion per year 
(1.66 x 10” to 4.90 x 10” year” in 2015 US$) (Ma- 
terials and methods, Economics analysis). By it- 
self, this estimate does not account for other values 
of forest biodiversity (including potential values 
for climate regulation, habitat, water flow regula- 
tion, and genetic resources), and represents only a 
small percentage of the total value of biodiversity 
(41, 42). However, this value is already between 
two to six times the total estimated cost that would 
be necessary if we were to effectively conserve all 
terrestrial ecosystems at a global scale [$76.1 billion 
per year (43)]. The high benefit-to-cost ratio under- 
lines the importance of conserving biodiversity 
for forestry and forest resource management. 
Amid the struggle to combat biodiversity loss, 
the relationship between biological conservation 
and poverty is gaining increasing global atten- 
tion (13, 44), especially with respect to rural areas 
where livelihoods depend most directly on eco- 
system products. Given the substantial geographic 
overlaps between severe, multifaceted poverty 
and key areas of global biodiversity (45), the 
loss of species in these areas has the potential 
to exacerbate local poverty by diminishing forest 
productivity and related ecosystem services (44). 
For example, in tropical and subtropical regions, 


12 


between O and 1 correspond to the positive and concave-down BPR (blue curve). 
(Right) The three-dimensional scatter plot shows 6 values we estimated from ob- 
served productivity (P), species richness (S), and other covariates. Out of 5,000,000. 
estimates of 6 (mean = 0.26, SD = 0.09), 4,993,500 fell between O and 1 (blue), whereas 
only 6500 were negative (red), and none was equal to zero or greater than or equal to 
1, the positive and concave-down BPR was supported by 99.9% of our estimates. 


many areas of high elasticity of substitution (32) 
overlapped with biodiversity hotspots (46), in- 
cluding Eastern Himalaya and Nepal, Mountains 
of Southwest China, Eastern Afromontane, Madrean 
pine-oak woodlands, Tropical Andes, and Cerrado. 
For these areas, only a few species of commercial 
value are targeted by logging. As such, the risk of 
losing species through deforestation would far 
exceed the risk through harvesting (47). De- 
forestation and other anthropogenic drivers of 
biodiversity loss in these biodiversity hotspots 
are likely to have considerable impacts on the 
productivity of forest ecosystems, with the po- 
tential to exacerbate local poverty. Furthermore, 
the greater uncertainty in our results for the 
developing countries (Fig. 5) reflects the well- 
documented geographic bias in forest sampling, 
including repeated measurements, and reiterates 
the need for strong commitments toward improving 
sampling in the poorest regions of the world. 
Our findings reflect the combined strength 
of large-scale integration and synthesis of eco- 
logical data and modern machine learning methods 
to increase our understanding of the global forest 
system. Such approaches are essential for gen- 
erating global insights into the consequences of 
biodiversity loss and the potential benefits of 
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Fig. 3. The estimated global effect of biodiversity on forest productivity 
was positive and concave-down, and revealed considerable geospatial var- 
iation across forest ecosystems worldwide. (A) Global effect of biodiversity on 
forest productivity (red line with pink bands representing 95% confidence interval) 
corresponds to a global average elasticity of substitution (0) value of 0.26, with climatic, 
soil, and other plot covariates being accounted for and kept constant at sample mean. 


Relative species richness (S) is in the horizontal axis, and productivity (P m? ha + year) 
is in the vertical axis (histograms of the two variables on top and right in the logarithm 
scale). (B) 6 represents the strength of the effect of tree diversity on forest produc- 
tivity. Spatially explicit values of 6 were estimated by using universal kriging (Materials 
and methods) across the current global forest extent (effect sizes of the estimates 
are shown in Fig. 5), whereas blank terrestrial areas were nonforested. 


integrating and promoting biological conserva- 
tion in forest resource management and forestry 
practices—a common goal already shared by in- 
tergovernmental organizations such as the Mon- 
tréal and Helsinki Process Working Groups. These 
findings should facilitate efforts to accurately 
forecast future changes in ecosystem services 
worldwide, which is a primary goal of IPBES 
(11), and provide baseline information necessary 
to establish international conservation objectives, 
including the United Nations Convention on Bio- 
logical Diversity Aichi targets, the United Nations 
Framework Convention on Climate Change REDD+ 
goal, and the United Nations Convention to Combat 
Desertification land degradation neutrality goal. 


The success of these goals relies on the under- 
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standing of the intrinsic link between biodiversity 
and forest productivity. 


Materials and methods 
Data collection and standardization 


Our current study used ground-sourced forest 
measurement data from 45 forest inventories 
collected from 44 countries and territories (Fig. 
land table S1). The measurements were collected 
in the field from predesignated sample area units, 
ie., Global Forest Biodiversity permanent sample 
plots (hereafter, GFB plots). For the calculation of 
primary site productivity, GFB plots can be cat- 
egorized into two tiers. Plots designated as “Tier 
1” have been measured at two or more points in 
time with a minimum time interval between mea- 
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surements of two years or more (global mean time 
interval is 9 years, see Table 1). “Tier 2” plots were 
only measured once, and primary site productivity 
can be estimated from known stand age or den- 
drochronological records. Overall, our study was 
based on 777,126 GFB plots, of which 597,179 (77%) 
were Tier 1, and 179,798 (23%) were Tier 2. GFB 
plots primarily measured natural forests ranging 
from unmanaged to extensively managed forests, 
ie., managed forests with low operating and in- 
vestment costs per unit area. Intensively man- 
aged forests with harvests exceeding 50 percent 
of the stocking volume were excluded from this 
study. GFB plots represent forests of various origins 
(from naturally regenerated to planted) and succes- 
sional stages (from stand initiation to old-growth). 
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Table 1. Definition, unit, and summary statistics of key variables. 


Variable Definition Unit Mean Standard Source Nominal 
deviation resolution 


Response variables 


P Primary forest m? ha? year? 757 14.52 Author-generated 
productivity measured in from ground-measured 
periodic annual increment in stem data 


S Tree species unitless 5.79 8.64 ground-measured 
richness, the number of live tree 
species observed on 


the plot 

pee ee aa Sige Ne me peer cer ee Gane nc ae pe ee ula eahansnn pene 

area of the 

sample plot 
aes Ge aa ane Heese potter ch ener ai eer ee eee og eee ene iiinmaaas eee Pon asain 

between two 

consecutive 
en eee Denn ey eee Lael eget ta erate hace a eae cron, Mme Gntiy ee tore TOE sant ancensg hae een eae 
G Basal area, ina (ner 19.00 18.94 Author-generated 

total cross-sectional from ground-measured 
area of live trees data 


measured at 1.3 
to 1.4 m above ground 


E Plot elevation m 469.30 565.92 G/SRTM (74) 
ce gag ely Ca cen eee ate Pee eee eee ee oe er ee a ea ener rane eerie 
l; = Lif a plot was from ground-measured 
Tier-2, data 
I, = O if otherwise 
: Perdana dur eeaetres ee ee eerie ee etree eect eee eae ae Baga ener ees ee eee nares 
I> = 1 when 0.01 < ps < 0.05, from ground-measured 
Iz = 2 when 0.05 < ps <0.15, data 


I> = 3 when 0.15 < ps < 0.50, 
I> = 4 when 0.50 < ps < 1.00, 
where ps was plot 
size (hectares) 


EONS aren Oni eee Cn ene: WO cao OE ocssune a km 
To lIsothermality unitless 35.43 7.05 WorldClim v.1 km? 
index*100 


Co Precipitation seasonality unitless% 27.54 16.38 WorldClim v.1 km? 
(coefficient of variation) 
i re ees Sguivi nena cia cesseceerietc ee ares Sa Poy ea Sr area aoe ee ae ee 
quarter 
ee eae “ Pon ee saljuawaeeeeresy = eS elneennsioess eee ee wi80 Gaia Gel ee) Eahinnanienes ce 
je Secs teenie eee Bae ene Ge ae ee eee ae 


O; Bulk density gem? 0.70 0.57 WISE30sec v.1 (77) km* 


O, C/N ratio unitless 9.64 TIS WISE30sec v.1 km* 


x Longitude in WGS84 datum degree 


Ecoregion Ecoregion defined by World Wildlife Fund (78) 
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Fig. 4. Estimated percentage and absolute decline in forest productivity under 10 and 99% decline in current tree species richness (values in par- 
entheses correspond to 99%), holding all the other terms constant. (A) Percent decline in productivity was calculated according to the general BPR model (Eq. 
1) and estimated worldwide spatially explicit values of the elasticity of substitution (Fig. 3B). (B) Absolute decline in productivity was derived from the estimated elasticity of 
substitution (Fig. 3B) and estimates of global forest productivity (fig. S1). The first 10% reduction in tree species richness would lead to a 0.001 to 0.597 m? ha‘! year 
decline in periodic annual increment, which accounts for 2 to 3% of current forest productivity. The raster data are displayed in 50-km resolution with a 3 SD stretch. 


For each GFB plot, we derived three key at- 
tributes from measurements of individual trees— 
tree species richness (S), stand basal area (G), and 
primary site productivity (P). Because for each of 
all the GFB plot samples, S and P were derived 
from the measurements of the same trees, the 
sampling issues commonly associated with bio- 
diversity estimation (48) had little influence on 
the S-P relationship (i.e., BPR) in this study. 

Species richness, S, represents the number of 
different tree species alive at the time of inventory 
within the perimeter of a GFB plot with an aver- 
age size of approximately 900 m?. Ninety-five 
percent of all plots fall between 100 and 1,100 m? 
in size. To minimize the species-area effect (49), 
we studied the BPR here using a geospatial random 
forest model in which observations from nearby 
GFB plots would be more influential than plots 
that are farther apart (see §Geospatial random 
forest). Because nearby plots are most likely from 
the same forest inventory data set, and there was 
no or little variation of plot area within each data 
set, the BPR derived from this model largely re- 
flected patterns under the same plot area basis. 
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To investigate the potential effects of plot size on 
our results, we plotted the estimated elasticity of 
substitution (0) against plot size, and found that 
the scatter plot was normally distributed with no 
discernible pattern (fig. S2). In addition, the fact 
that the plot size indicator J, had the second 
lowest (0.8%) importance score (50) among all 
the covariates (Fig. 6) further supports that the 
influence of plot size variation in this study 
was negligible. 

Across all the GFB plots, there were 8,737 species 
in 1,862 genera and 231 families, and S values 
ranged from 1 to 405 per plot. We verified all 
the species names against 60 taxonomic data- 
bases, including NCBI, GRIN Taxonomy for Plants, 
Tropicos-Missouri Botanical Garden, and the 
International Plant Names Index, using the 
‘taxize’ package in R (57). Out of 8737 species 
recorded in the GFB database, 7425 had verified 
taxonomic information with a matching score 
(51) of 0.988 or higher, whereas 1312 species names 
partially matched existing taxonomic databases 
with a matching score between 0.50 and 0.75, 
indicating that these species may have not been 
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documented in the 60 taxonomic databases. To 
facilitate inter-biome comparison, we further 
developed relative species richness (§), a con- 
tinuous percentage score converted from species 
richness (S) and the maximal species richness of 
a set of sample plots (S*) using 


ae! 
5=5 (2) 


Stand basal area (G, in m? ha‘?) represents the 
total cross-sectional area of live trees per unit 
sample area. G was calculated from individual 
tree diameter-at-breast-height (dbh, in cm): 


G = 0.000079- > dbh?-«i (3) 
a 


where x; denotes the conversion factor (ha) of 
the ith tree, viz. the number of trees per ha 
represented by that individual. Gis a key biotic 
factor of forest productivity as it represents 
stand density—often used as a surrogate for re- 
source acquisition (through leaf area) and stand 
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Fig. 5. Standard error and generalized R? of the spatially explicit estimates of elasticity of substitution (0) across the current global forest extent 
in relation to S. (A) Standard error increased as a location was farther from those sampled. (B) The generalized R? values were derived with a geostatistical 
nonlinear mixed-effects model for GFB sample locations, and thus (B) only covers a subset of the current global forest extent. 


competition (52). Accounting for basal area as a 
covariate mitigated the artifact of different min- 
imum dbh across inventories, and the artifact of 
different plot sizes. 

Primary site productivity (P, in m® ha”! yr‘) 
was measured as tree volume productivity in 
terms of periodic annual increment (PAI) cal- 
culated from the sum of individual tree stem 
volume (V, in m?) 


3S Via-«i- >> Via-Ki + M 
_ a2 id 


P=— r (4) 


where V;,; and Vj,» (in m?’) represent total stem 
volume of the 7th tree at the time of the first 
inventory and the second inventory, respectively. 
M denotes total removal of trees (including mor- 
tality, harvest, and thinning) in stem volume 
(in m? ha’!). Y represents the time interval (in 
years) between two consecutive inventories. P 
accounted for mortality, ingrowth (i.e., recruit- 
ment between two inventories), and volume 
growth. Stem volume values were predominantly 
calculated using region- and species-specific al- 
lometric equations based on dbh and other tree- 
and plot-level attributes (Table 1). For the regions 
lacking an allometric equation, we approximated 
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stem volume at the stand level from basal area, 
total tree height, and stand form factors (53). In 
case of missing tree height values from the 
ground measurement, we acquired alternative 
measures from a global 1-km forest canopy height 
database (54). For Tier 2 plots that lacked re- 
measurement, P was measured in mean annual 
increment (MAI) based on total stand volume 
and stand age (52), or tree radial growth mea- 
sured from increment cores. Since the traditional 
MAI metric does not account for mortality, we 
calculated P by adding to MAI the annual mor- 
tality based on regional-specific forest turnover 
rates (55). The small and insignificant correla- 
tion coefficient between P and the indicator of 
plot tier (/;), together with the negligible variable 
importance of J, (1.8%, Fig. 6), indicate that PAT 
and MAI were generally consistent, such that MAT 
could be a good proxy of PAI in our study. Al- 
though MAI and PAI have considerable uncer- 
tainty in any given stand, it is difficult to see 
how systematic bias across diversity gradients 
could occur on a scale sufficient to influence the 
results shown here. 

P, although only representing a fraction of total 
forest net primary production, has been an im- 
portant and widely used measure of forest pro- 


ductivity, because it reflects the dominant 
aboveground biomass component and the long- 
lived biomass pool in most forest ecosystems 
(56). Additionally, although other measures of 
productivity (e.g., net ecosystem exchange pro- 
cessed to derive gross and net primary produc- 
tion; direct measures of aboveground net primary 
production including all components; and remotely 
sensed estimates of LAI and greenness coupled 
with models) all have their advantages and dis- 
advantages, none would be feasible at a similar 
scale and resolution as in this study. 

To account for abiotic factors that may in- 
fluence primary site productivity, we compiled 
14 geospatial covariates based on biological rel- 
evance and spatial resolution (Fig. 6). These co- 
variates, derived from satellite-based remote sensing 
and ground-based survey data, can be grouped into 
three categories: climatic, soil, and topographic 
(Table 1). We preprocessed all geospatial covar- 
jates using ArcMap 10.3 (57) and R 2.15.3 (58). All 
covariates were extracted to point locations of 
GFB plots, with a nominal resolution of 1 km”. 


Geospatial random forest 


We developed geospatial random forest—a data- 
driven ensemble learning approach—to characterize 
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the biodiversity-productivity relationship (BPR), 
and to map BPR in terms of elasticity of sub- 
stitution (37) on all sample sites across the world. 
This approach was developed to overcome two 
major challenges that arose from the size and 
complexity of GFB data without assuming any 
underlying BPR patterns or data distribution. 
First, we need to account for broad-scale dif- 
ferences in vegetation types, but global classi- 
fication and mapping of homogeneous vegetation 
types is lacking (59); and secondly, correlations 
and trends that naturally occur through space 
(60) can be significant and influential in forest 
ecosystems (67). Geostatistical models (62) have 
been developed to address the spatial auto- 
correlation, but the size of the GFB data set far 
exceeds the computational constraints of most 
geostatistical software. 

Geospatial random forest integrated conven- 
tional random forest (50) and a geostatistical 
nonlinear mixed-effects model (63) to estimate 
BPR across the world based on GFB plot data 
and their spatial dependence. The underlying 
model had the following form 


log Pj(u) = 6;-logS(u) + Oy Xyj(u) 
+ ey(u), weDcM?, (5) 


where logP;;(u) and logS; (uw) represent natural 
logarithm of productivity and relative species 
richness (calculated from actual species rich- 
ness and the maximal species richness of the 
training set) of plot 7 in the jth training set at 
point locations u, respectively. The model was 
derived from the niche-efficiency model, and 6 
corresponds to the elasticity of substitution 
(31). ay Xy(U)=Aj9 + Op Lyyt...+ Ain Vin YEpre- 
sents n covariates and their coefficients (Fig. 6 
and Table 1). 

To account for potential spatial autocorrelation, 
which can bias tests of significance due to the 
violation of independence assumption and is 
especially problematic in large-scale forest eco- 
system studies (60, 61), we incorporated a 
spherical variogram model (62) into the residual 
term e;(u). The underlying geostatistical assump- 
tion was that across the world BPR is a second- 
order stationary process—a common geographical 
phenomenon in which neighboring points are 
more similar to each other than they are to points 
that are more distant (64). In our study, we found 
strong evidence for this gradient (Fig. 7), indi- 
cating that observations from nearby GFB plots 
would be more influential than plots that are 
farther away. The positive spherical semivariance 
curves estimated from a large number of boot- 
strapping iterations indicated that spatial de- 
pendence increased as plots became closer together. 

The aforementioned geostatistical nonlinear 
mixed-effects model was integrated into random 
forest analysis (50) by means of model selection and 
estimation. In the model selection process, random 
forest was employed to assess the contribution of 
each of the candidate variables to the dependent 
variable logP,(u), in terms of the amount of in- 
crease in prediction error as one variable is per- 
muted while all the others are kept constant. We 


SCIENCE sciencemag.org 


A Variable Importance (%) B 
20 15 10 5 ty) 
Theta 14.3] G 
Thea Kel 
P- Productivity x e j 
G-Basalarea x x @ 04 Ts 
S- Species richness = x x So” IAA 
T1-Annual mean temperature x x x x@ : 
T2-|sothemality x x x x @ 97_____ a C3 
T3- Temperature seasonality x x x x @@ 4 I | PET 
C1- Annual precipitation x x x © @ x x 4 
C2- Precipitation seasonality x x x x x x 6 95) TE 
C3- Precipitation of warmest quarter x xX x © © x x@ rs T Ma 7 
PET- Potential evapotranspiration x x x x@@ooxx : 
. 
IAA- Indexed annualaridiy x x x © x x x@x “@, 1 C— C2 
01- Soil bulk density x x x x x x x x x x 3 45 72 
02-SoilpH x x x xX x x xX x x x 
03- Soil electrical conductivity x x x x x x x x x x 2.1 04 
04- Soil C/Nratio x xX XX xX xX KX KK x 1.8] 1 
O5-Soilnittogen x xX X XX XX KK XK 0.9[] 03 
E-Plotelevation x x x x x x x x x x 
\1- Indicator of Tier2 plots x x x x x x x x o.8fj 12 
[2- Indicator of plotsize x x x x x xX @xx x ex xx xX KK x x@ oof o2 
——E_ ESE 


1 #08 06 04 02 0 


02 04 #06 O08 1 


Correlation Coefficient 


Fig. 6. Correlation matrix and importance values of potential variables for the geospatial random 
forest analysis. (A)There were a total of 15 candidate variables from three categories, namely plot at- 
tributes, climatic variables, and soil factors (a detailed description is provided in Table 1). Correlation 
coefficients between these variables were represented by sizes and colors of circles, and “x” marks co- 
efficients not significant at a = 0.05 level. (B) Variable importance (%) values were determined by the 


geospatial random forest (Materials and methods). 


Variables with importance values exceeding the 9% 


threshold line (blue) were selected as control variables in the final geospatial random forest models. Elasticity of 
substitution (coefficient), productivity (dependent variable), and species richness (key explanatory variable) 
were not ranked in the variable importance chart because they were not potential covariates. 


Fig. 7. Semivariance and esti- 
mated spherical variogram 
models (blue curves) obtained 


Semivariance 


from geospatial random forest 
in relation to S. Gray circles, 
semivariance; blue curves, esti- 
mated spherical variogram 
models. There was a general trend 
that semivariance increased with 
distance; spatial dependence of 8 
weakened as the distance between 
any two GFB plots increased. The 
final spherical models had nugget = 
0.8, range = 50 degrees, and sill = 
1.3. To avoid identical distances, all 
plot coordinates were jittered by 


0 20 40 60 80 


Distance (degree) 


used the randomForest package (65) in R to ob- 
tain importance measures for all the covariates 
to guide our selection of the final variables in the 
geostatistical nonlinear mixed-effects model, X4(u). 
We selected stand basal area (G), temperature 
seasonality (73), annual precipitation (C,), pre- 
cipitation of the warmest quarter (C3), potential 
evapotranspiration (PET), indexed annual aridity 
(IAA), and plot elevation (£) as control variables 
since their importance measures were greater than 
the 9 percent threshold (Fig. 6) preset to ensure 
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adding normally distributed 
random noises. 


that the final variables accounted for over 60 per- 
cent of the total variable importance measures. 
For geospatial random forest analysis of BPR, 
we first selected control variables based on the 
variable importance measures derived from ran- 
dom forests (50). We then evaluated the values of 
elasticity of substitution (32), which are expected 
to be real numbers greater than 0 and less than 1, 
against the alternatives, i.e., negative BPR (Ho: 
8 < 0), no effect (Hoo: 8 = 0), linear (Hos: 8 = 1), 


and convex positive BPR (Ho4: 8 > 1). We 
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Table 2. Parameters of the global geospatial random forest model in 10,000 iterations of 500 randomly selected (with replacement) GFB plots. 
Mean and SE of all the parameters were estimated by using bootstrapping. Effect sizes were represented by the Akaike information criterion (AIC), Bayesian 
information criterion (BIC), and generalized R* (G-R*). Const, constant. 


Coefficients 


SE 0.54 1.10 113 0.001 


0.011 


0.0009512 0.000039 0.000001 0.000008 


0.000008 0.000009 0.000001 


0.001528 —-0.003019 -0.000185 


0.002798 -0.003775 —0.000258 


il =/56.89 153778 1588.35 0.259 4.299 01067965 0014971 -O.000100 0002335 
2 
3 =/63.71 156141 161199 O1357 5.266 (0:29941 0.008571 -0.000145 0.002786 
4 
5) -767.66 1559.32 1609.89 0.248 2.258 0.166024 0.018491 -0.000051 0.000822 


0.002707 -0.001575 -0.000078 


-778.21 1580.43 1631.00 0.393 


3.476 


0.187229 0.020798 -—0.000069 0.001826 


0.001828 —-0.002695 -0.000135 


-800.52 1625.03 1675.61 


0.360 4.526 


0.302214 0.021163 -0.000105 0.001860 


0.001382 —-0.003207 -0.000166 


-753.64 1531.28 1581.85 


0.324 4.362 


0.202992 0.014003 -0.000146 0.001746 


0.002229 -0.002844 -0.000143 


-746.88 1517.77 


568.34 0.348 4.427 


0.290416 0.008630 -0.000107 0.002203 


—0.000314 


-0.002770 -0.000155 


-734.72 


1493.43 


-776.14 1576.28 


examined all the coefficients by their statistical 
significance and effect sizes, using Akaike in- 
formation criterion (AIC), Bayesian information 
criterion (BIC), and the generalized coefficient of 
determination (66). 


Global analysis 


For the global-scale analysis, we calibrated the 
nonlinear mixed-effects model parameters (8 and 
a’s) using training sets of 500 plots randomly 
selected (with replacement) from the GFB global 
dataset according to the bootstrap aggregating 
(bagging) algorithm. We calibrated a total of 
10,000 models based on the bagging samples, 
using our own bootstrapping program and the 
nonlinear package nlme (63) of R, to calculate 
the means and standard errors of final model 
estimates (Table 2). This approach overcame 
computational limits by partitioning the GFB 
sample into smaller subsamples to enable the 
nonlinear estimation. The size of training sets 
was selected based on the convergence and effect 
size of the geospatial random forest models. In 
pilot simulations with increasing sizes of training 
sets (Fig. 8), the value of elasticity of substitution 
(32) fluctuated at the start until the convergence 
point at 500 plots. Generalized R? values declined 
as the size of training sets increased from 0 to 
350 plots, and stabilized at around 0.35 as train- 
ing set size increased further. Accordingly, we 
selected 500 as the size of the training sets for 
the final geospatial random forest analysis. Based 
on the estimated parameters of the global model 
(Table 2), we analyzed the effect of relative species 
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0.211103 0.013415 0.001896 


0.468073 0.015632 —0.000093 


richness on global forest productivity with a sen- 
sitivity analysis by keeping all the other variables 
constant at their sample means for each ecoregion. 


Mapping BPR across global 
forest ecosystems 


For mapping purposes, we first estimated the 
current extent of global forests in several steps. 
We aggregated the “treecover2000” and “loss” 
data (67) from 30 m pixels to 30 arc-second pixels 
(~1 km) by calculating the respective means. The 
result was ~1 km pixels showing the percentage 
forest cover for the year 2000 and the percentage 
of this forest cover lost between 2000 and 2013, 
respectively. The aggregated forest cover loss was 
multiplied by the aggregated forest cover to pro- 
duce a single raster value for each ~1 km pixel 
representing a percentage forest lost between 
2000 and 2013. This multiplication was neces- 
sary since the initial loss values were relative to 
initial forest cover. Similarly, we estimated the 
percentage forest cover gain by aggregating the 
forest “gain” data (67) from 30 m to 30 arc- 
seconds while taking a mean. Then, this gain 
layer was multiplied by 1 minus the aggregated 
forest cover from the first step to produce a 
single value for each ~1 km pixel that signifies 
percentage forest gain from 2000-2013. This 
multiplication ensured that the gain could only 
occur in areas that were not already forested. 
Finally, the percentage forest cover for 2013 was 
computed by taking the aggregated data from 
the first step (year 2000) and subtracting the 
computed loss and adding the computed gain. 


14 OCTOBER 2016 * VOL 354 ISSUE 6309 


0.002450 -0.002927 -0.000076 


0.001151 + -0.000756 -0.000019 -0.000842 


We mapped productivity P and elasticity of 
substitution (32) across the estimated current 
extent of global forests, here defined as areas 
with 50 percent or more forest cover. Because 
GFB ground plots represent approximately 40 
percent of the forested areas, we used universal 
kriging (62) to estimate P and 6 for the areas 
with no GFB sample coverage. The universal 
kriging models consisted of covariates speci- 
fied in Fig. 6B and a spherical variogram model 
with parameters (i.e., nugget, range, and sill) 
specified in Fig. 7. We obtained the best linear 
unbiased estimators of P and 0 and their stan- 
dard error in relation to S across the current 
global forest extent with the gstat package of R 
(68). By combining 6 estimated from geospatial 
random forest and universal kriging, we produced 
the spatially continuous maps of the elasticity of 
substitution (Fig. 3B) and forest productivity 
(fig. S1) at a global scale. The effect sizes of the 
best linear unbiased estimator of 6 (in terms of 
standard error and generalized R’) are shown 
in Fig. 5. We further estimated percentage and 
absolute decline in worldwide forest produc- 
tivity under two scenarios of loss in tree species 
richness— low (10% loss) and high (99% loss). 
These levels represent the productivity decline 
(in both percentage and absolute terms) if local 
species richness across the global forest extent 
would decrease to 90 and 1 percent of the cur- 
rent values, respectively. The percentage decline 
was calculated based on the general BPR model 
(Eq. 1) and estimated worldwide spatially explicit 


values of the elasticity of substitution (Fig. 3B). 
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Fig. 8. Effect of the size of training sets used 
in the geospatial random forest on estimated 
elasticity of substitution (0) and generalized R@ 
in relation to S. Mean (solid line) and SE band (green 
area) were estimated with 100 randomly selected 
(with replacement) training sets for each of the 20 
size values (between 50 and 1000 GFB plots, with 
an increment of 50). 


The absolute decline was the product of the world- 
wide estimates of primary forest productivity 
(fig. S1) and the standardized percentage decline 
at the two levels of biodiversity loss (Fig. 4A). 


Economic analysis 


Estimates of the economic value-added from 
forests employ a range of methods. One promi- 
nent recent global valuation of ecosystem services 
(69) valued global forest production [in terms of 
‘raw materials’ (including timber, fiber, biomass 
fuels, and fuelwood and charcoal] provided by 
forests (table S1) (69) in 2011 at US$ 649 billion 
(6.49 x 10", in constant 2007 dollars). Using an 
alternative method, the UN FAO (25, 26) esti- 
mates gross value-added in the formal forestry 
sector, a measure of the contribution of forestry, 
wood industry, and pulp and paper industry to 
the world’s economy, at US$606 billion (6.06 x 
10", in constant 2011 dollars). Because these two 
reasonably comparable values are directly im- 
pacted by and proportional to forest productivity, 
we used them as bounds on our coarse estimate 
of the global economic value of commercial forest 
productivity, converted to constant 2015 US$ 
based on the US consumer price indices (70, 71). 
As indicated by our global-scale analyses (Fig. 4A), 
a 10 percent decrease of tree species richness 
distributed evenly across the world (from 100% 
to 90%) would cause a 2.1 to 3.1 percent decline 
in productivity, which would equate to US$13- 
23 billion per year (constant 2015 US$). For the 
assessment of the value of biodiversity in main- 
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taining forest productivity, a drop in species 
richness from the current level to one species 
would lead to 26-66% reduction in commercial 
forest productivity in the biomes that contribute 
substantially to global commercial forestry (fig. 
$4), equivalent to 166-490 billion US$ per year 
(1.66 x 10” to 4.90 x 10", constant 2015 US$, cal- 
culated by multiplying the foregoing economic 
value-added from FAO and the other study by 26 
and 66%, respectively.) Therefore, we estimated 
that the economic value of biodiversity in main- 
taining commercial forest productivity worldwide 
would be 166 billion to 490 billion US$ per year. 

We held the total number of trees, global forest 
area and stocking, and other factors constant to 
estimate the value of productivity loss solely due 
to a decline in tree species richness. As such, these 
estimates did not include the value of land con- 
verted from forest and losses due to associated 
fauna and flora decline or forest habitat reduction. 
This estimate only reflects the value of biodiver- 
sity in maintaining commercial forest productiv- 
ity that contributes directly to forestry, wood 
industry, and pulp and paper industry, and does 
not account for other values of biodiversity, in- 
cluding potential values for climate regulation, 
habitat, water flow regulation, genetic resources, 
etc. The total global value of biodiversity could ex- 
ceed this estimate by orders of magnitudes (41, 42). 
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Sustained virologic control in SIV’ 
macaques after antiretroviral and 
o.4B7 antibody therapy 
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Antiretroviral drug therapy (ART) effectively suppresses replication of both the 
immunodeficiency viruses, human (HIV) and simian (SIV); however, virus rebounds soon 
after ART is withdrawn. SIV-infected monkeys were treated with a 90-day course of ART 
initiated at 5 weeks post infection followed at 9 weeks post infection by infusions of a 
primatized monoclonal antibody against the a,f7 integrin administered every 3 weeks until 
week 32. These animals subsequently maintained low to undetectable viral loads and 
normal CD4* T cell counts in plasma and gastrointestinal tissues for more than 9 months, 
even after all treatment was withdrawn. This combination therapy allows macaques to 
effectively control viremia and reconstitute their immune systems without a need for 


further therapy. 


rofound and durable suppression of HIV 

by antiretroviral therapy (ART) represents 

a major accomplishment in HIV-AIDS re- 

search. However, HIV persists in patients 

despite long-term ART therapy such that, 
once ART is withdrawn, virus invariably re- 
bounds. Lifetime ART treatment is associated 
with toxicity (7), residual chronic inflammation, 
and the accelerated onset of diseases associated 
with aging (2, 3). 
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High levels of viral replication in gastro- 
intestinal tissues (GITs) during acute infec- 
tion lead to severe depletion of local CD4* T cells 
(4), damage to the gut epithelium, and the rapid 
formation of persistent viral reservoirs. Gener- 
alized immune dysfunction and chronic immune 
activation follow. Even when administered days 
after infection, ART fails to fully reverse these 
insults (5). We reasoned that preventing HIV- 
susceptible cells from accessing GITs might 
reduce damage to the gut and the mucosal im- 
mune system in a way that would allow immune 
mechanisms to effectively control infection. 

A principal pathway that CD4* T cells use 
to traffic into GITs involves an interaction be- 
tween integrin 0.,8,, expressed on CD4* T cells, 
with mucosal vascular addressin cell adhesion 
molecule 1 (MAdCAM-1), expressed primarily on 
high endothelial venules within GITs (6, 7). CD4* 
T cells that express high levels of the a8, integrin 
(0487) are preferential targets of HIV and simian 
immunodeficiency virus (SIV) during acute infec- 
tion (8-12). In order to disrupt trafficking of 
a4B," CD4* T cells into GITs, we developed a 
recombinant rhesus monoclonal antibody against 
the heterodimeric form of 0487 (0.48; mAb) that 
blocks 0.487 binding to MAdCAM (13-15). 

Administration of 0.8, mAb before and during 
repeated low-dose intravaginal SIV challenge of 
rhesus macaques (RMs) leads to significant pro- 
tection from transmission (13). In treated animals 
that became infected, GIT CD4* T cells were 
preserved and GIT proviral DNA was reduced, 


and thus, virus-mediated damage to GITs was 
minimized. 

Because ART provides only partial protection 
to GITs (5, 14), we considered the possibility that 
adding o.,8; mAb might improve this protection. 
To this end, we conducted a study in genetically 
characterized (table $1, A to D) SIV-infected RMs 
that combined a 90-day course of ART, begin- 
ning 5 weeks post-infection with a series of eight 
infusions of 048; mAb. This treatment strategy 
included five phases as outlined in fig. SI. In 
phase 1 (weeks 1 to 5), 18 RMs were infected 
intravenously with a 200 median tissue culture 
infectious dose (TCID;9) of SIVmac239. After 
5 weeks, all 18 animals began a 90-day daily 
regimen of ART (phase II). During phase III 
(weeks 9 to 18), 11 animals received o48, mAb 
once every 3 weeks (eight infusions total); 7 
animals received nonspecific rhesus immuno- 
globulin G (IgG). During phase IV (weeks 18 to 
32), ART was withdrawn, and o,$, mAb-IgG 
treatment was continued. In phase V (weeks 32 
to 50), all treatment was terminated. Three out 
of 11 a8; mAb-treated animals developed anti- 
bodies against the o.487; mAb (fig. S2) and were 
excluded from further analysis. 


ART + a4f67 mAb controls plasma and 
gut viral loads 


All 15 animals showed similar peaks in viremia 
around weeks 2 to 3 (~2.9 x 10° copies/ml), and 
they all fully suppressed viremia by 3 weeks after 
ART initiation. The two groups developed diver- 
gent viral load (VL) patterns after ART was with- 
drawn (phase IV). In all seven IgG-treated animals, 
viremia rebounded to high levels (~10° copies/ml) 
within 2 weeks and maintained those levels out to 
week 50 (Fig. 1B). In contrast, two out of eight 0.487 
mAb-treated animals never rebounded, and the 
remaining six out of eight rebounded but then 
regained control of viremia within 4 weeks (Fig. 
1A). Virologic control was robust in all eight 0,87 
mAb-treated animals, with either complete con- 
trol or transient low-level blips of viremia. The 
difference in viremia between the two groups 
after discontinuation of ART was significant 
(P < 0.0001) (Fig. 1C). Virologic control in all 
eight o.,8, mAb-treated animals persisted to week 
81 (fig. S3), although the last infusion of 0.8; mAb 
(half-life of ~11.4 days) was administered at week 
32 (13). 

Both treatment groups showed similar levels 
of proviral DNA in GITs during phases I and II. 
Immediately after cessation of ART, all monkeys 
showed increases in proviral DNA. High levels 
(20 to 40 copies/ng DNA) persisted in the seven 
IgG-treated animals until week 50 (Fig. 1E). In 
contrast, in all eight 0.8, mAb-treated macaques, 
proviral DNA decreased to levels at or below the 
level of detection by week 30 (Fig. 1D). The dif- 
ference in the geometric means of the two groups 
(Fig. IF) during phases IV and V was significant 
(P < 0.0001). Undetectable proviral DNA loads in 
all eight 0.8, mAb-treated macaques persisted 
well after the final infusion of o.,; mAb (week 32). 
Thus, combining o.,8; mAb therapy with short- 
term ART promoted persistent systemic and 
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Fig. 1. Control of plasma and GIT viral loads. Plasma viral loads from 
(A) eight monkeys receiving ART + o487 mAb and (B) seven monkeys 
receiving ART + IgG are reported as logig number of viral copies/ml of 
plasma. (C) Geometric means for plasma viral loads of monkeys treated 
with ART + a4B7 mAb (blue) or IgG (red). GIT proviral DNA loads for (D) eight 
monkeys receiving ART + a487 mAb and (E) seven monkeys receiving IgG are 


Time after initial SIVmac239 challenge (weeks) 


reported as the number of copies of proviral DNA/ng of total DNA. (F) Geo- 
metric means for GIT proviral loads of monkeys treated with ART + a4B7 mAb 
(blue) or IgG (red). The shaded areas in each graph demarcate the five phases 
of the study. Code names of individual monkeys are shown in each graph. 
P values were determined using analysis of covariance (ANCOVA) (****P < 
0.0001). 


mucosal virologic control following discontin- 
uation of all therapy. 


Rebound of CD4* T cell subsets 


Blood and GIT mononuclear cells isolated from 
each phase of the study were analyzed by flow 
cytometry (table $2, A to C). During phase I, the 
absolute numbers of blood total CD4* T cells and 
subsets showed a sharp decline (Fig. 2, A to D). 
After the first administration of 0.,8; mAb (phase 
III), CD4: values diverged. The o.,8,; mAb-treated 
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animals, but not controls, showed marked in- 
creases in total CD4* T cells and, notably, in the 
effector memory (EM) CD4* T cell subset (>four- 
fold increase, P < 0.0001) (Fig. 2D). These increases 
were sustained after discontinuation of the 0487 
mAb treatment (phase V). By week 50, total CD4* 
T cell numbers approached preinfection levels. 
Acute HIV-1 and SIV infections are charac- 
terized by a rapid depletion of CD4* T cells in GITs 
(4, 15-18). Therefore, we evaluated the fate of GIT 
CD4* T cells (Fig. 2, E to H), with values expressed 


as the percent of CD4* T cells within the gated 
population of CD45" cells. We observed a sharp 
decline in total CD4* T cells during the acute 
phase in both groups with CD45*/CD4* T cells 
reaching their nadir by the end of phase I (Fig. 
2E). In phase III, the CD4* T cell profile of the two 
treatment groups diverged. The relative frequency 
of CD45*/CD4"* cells in the o48; mAb-treated 
animals gradually increased through phase V 
(P < 0.0001). CD4* T cell subsets showed an ap- 
parent recovery of both T central memory (CM) 
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Fig. 2. Kinetic changes in CD4* T cell subsets. Kinetic changes in the absolute number of circulating 
CD4* Tcells in (A) PBMCs and subsets, (B) naive CD4* T cells, (C) Tcentral memory (Tem) CD4* T cells, 
and (D) T effector memory (Tey) CD4* T cells. «487 mAb-treated monkeys (blue) and IgG-treated animals 
(red). Frequencies in GITs of (E) total CD4* T cells expressed as the percentage of the gated population of 
CD45* cells, (F) naive CD4* T cells, (@) Toy CD4* T cells, and (H) Tey CD4* T cells. The frequencies of 
CD4* T cell subsets in GITs were calculated as the percentage of total CD4* T cells in the same sample. 
P values were determined using the multiple t test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). 


and T EM cells in the a8; mAb-treated animals, 
with the EM recovering at a faster rate (Fig. 2, G 
and H). The relative proportion of naive CD4* T 
cells remained constant through phase V (Fig. 
2F). The quality of this recovery was well reflected 
by increases in the frequencies of T helper 17 
(Ty17) and T helper 22 (T},22) subsets of CD4* 
T cells in both GITs and blood (fig. S4) (79). Con- 
sistent with these results, immunohistological 
analysis of GIT sections after week 50 revealed 
abundant CD4*" T cells in o,8; mAb-treated ani- 
mals but not in controls (fig. $5). 

To better understand the repopulation of gut 
tissues with CD4* T cells, we used a newly devel- 
oped antibody-targeted positron emission tomog- 
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raphy (immuno-PET) combined with the computed 
tomography (CT) imaging technique (20). Around 
week 50 (phase V), four macaques from each 
treatment group were imaged with a ®Cu-labeled 
F(ab’), antibody against CD4. Although we had 
originally hypothesized that 4; mAb would in- 
hibit CD4* T cell trafficking to GITs, we instead 
observed repopulation of CD4* cells in a wide var- 
iety of immune tissues, including GITs (Fig. 3). This 
result suggests that the protective effect of a4 
mAb in minimizing GIT viral load early in infection 
(Fig. 1, D to F) facilitated the repopulation of CD4* 
cells throughout the systemic and mucosal immune 
systems. It is unclear whether the reconstitution of 
these immune sites resulted from the control of vi- 
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Fig. 3. Immuno-PET-CT analysis confirms the 
preservation of CD4* cells. PET-CT image analysis 
of four IgG- and four a487 mAb-treated monkeys 
with *Cu-labeled anti-CD4 F(ab’)2 mAb around 
week 50 post infection. (A) Representative images 
of the nasal-associated lymphoid tissues (NALTs), 
facial cranial lymph nodes (LNs), axillary LN, Gl 
tract, and inguinal LN from a monkey receiving 
o4B7 MAb (RId14) (left) and a monkey receiving 
IgG (RIt1) (right). (B) Images of spleen from a4B7 
mAb-treated (RId14) (left) and IgG-treated (RIt11) 
(right). (C) Average (means + SD) signals obtained 
from four 0487 mAb-treated and four IgG-treated 
animals for NALTs, facial cranial LN, axillary LN, 
inguinal LN, GITs, and muscle. Values shown are 
SUVmax [density of highest signal obtained within 
a region of interest (ROI)] for all tissues except GITs, 
where SUVmean is reported (mean of signals within 
an ROI). 


remia, whether these immune competent compo- 
nents contributed to virologic control, or both. 


Phenotypic analysis of NK cells and 
other cell lineages 


Total natural killer (NK) cells in blood remained 
similar in both groups during phases I to IV (Fig. 
4) and decreased during phase V but only in the 
IgG-treated group (Fig. 4A). We observed a de- 
crease in the cytolytic subset (NKG2a*/CD8*/ 
CD16*/CD56") during phase III and IV in the 
o.487 mAb-treated group, followed by an increase 
during phase V (Fig. 4B). Cytokine-synthesizing 
NK cells (NKG2A*/CD8*/CD16-/CD56"*) increased 
during phase IV in o,$8; mAb-treated animals 
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(Fig. 4C). By week 50, these values approached 
baseline. A related pattern was observed in GITs. 
In the a,48, mAb-treated group, the proportion of 
the cytokine-synthesizing NK cell subset increased 
through phases IV and V (Fig. 4H), with corre- 
sponding decreases in the proportion of other 
NK cell subsets. These changes are noteworthy 
in two ways. First, among all NK cell subsets 
analyzed, o.$7 expression is highest (~40%) on 
cytokine-synthesizing NK cells. Second, these in- 
creases coincided with the appearance of viro- 
logic control in phase IV. Frequencies of NKp44* 
innate lymphoid cells (ILCs) decreased in both 
treatment groups as early as phase I (fig. S6), 
which is consistent with the loss of ILCs in acute 
HIV infection (27). However, we observed a sus- 
tained increase in the frequency of ILCs in gut 
biopsies in ART + o,8, mAb-treated animals 
beginning in phase III but not in controls. Note 
that vaccine-induced ILCs have been correlated 
with protection from SIV infection (22). Other 
cell lineages (CD8* T cells, B cells, and plasma- 
cytoid and myeloid dendritic cells) were analyzed 
(figs. S7 and S8), as were activation markers on 
CD4*,CD8* T and NK cells (figs. S9 to S11). Al- 
though differences were noted, further studies 
will be required to inform the impact of those 
differences. 


Identification of signature 
plasma cytokines 


Results presented above suggest that virologic 
control was immune mediated. To this end, we 
analyzed a panel of 20 immune or inflammatory 
markers (table S3) in plasma samples. To iden- 
tify signatures for each of the five phases of the 
study, we used a partial least square discriminant 
analysis (PLSDA). PLSDA models were created 
for the five study phases by using measurements 
from each sample and time point, and variable 
importance projection scores were used to omit 
markers that did not contribute to group differ- 
entiation. Cross-validation was used to assess 
model performance. In phases I and II, we found 
no distinction between treatment groups, with 
a high cross-validation error between models 
(0.28 and 0.21, respectively) (fig. S12, A and B). In 
phases III to V, distinct signatures differenti- 
ated the two treatment groups, with low cross- 
validation errors in each phase (0.09, 0.02, and 
0, respectively) (Fig. 5A). The differentiating sig- 
nature varied in each of these phases. One 
common feature of all three was a comparative 
increase in retinoic acid (RA) in the o,f; mAb- 
treatment group (Fig. 5B). The signature in phase 
Ill, when both groups were aviremic, included 
increases in interleukin-21 (IL-21), granulocyte- 
macrophage colony-stimulating factor, soluble 
CD14 (sCD14), interferon-o. (IFN-a), as well as 
RA; however, IFN-y and transforming growth 
factor-B (TGF-8) were reduced. In phases IV and 
V, o48; mAb treatment was associated with in- 
creased IL-10 and RA, with comparative decreases 
of proinflammatory markers, including IL-1, 
IFN-y-induced protein (IP-10), complement- 
reactive protein (CRP), the coagulation biomarker 
D-dimer, and two markers, sCD163 and intestinal 
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fatty acid-binding protein (I-FABP), associated 
with gut permeability (Fig. 5A and fig. S13). 


(23, 25-27). Baseline RA levels decreased during 
acute infection in both groups (Fig. 5B). A sim- 
ilar response was observed in two uninfected 
monkeys afflicted with chronic diarrhea (fig. 
S14), suggesting that such declines are linked to 
gut inflammation. Of note, measurements taken 
on weeks 15, 17, and 19 (phase III) differentiated 


ART + a4fh7 mAb restores plasma 
retinoic acid levels 


RA induces the expression of 0,7 (23, 24) and 
also plays an essential role in gut homeostasis 
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Fig. 5. Multivariate cytokine signatures and plasma levels of retinoic acid. (A) Separate PLSDA models for phases III (left), IV (middle), and V (right). 
Score plots of latent variable 1 (LV1) versus LV2 (top). Monkeys treated with oa487 mAb (blue) and IgG (red). Corresponding loadings plots (bottom) with 
the multivariate cytokine signatures for each phase. (B) Plasma levels (means + SD) of RA are displayed (pmol/ml) in the individual monkeys treated with 
a4B7 MAb (blue) and IgG (red) through all five phases of the study (denotes unpaired t test, *P < 0.003). 


the two groups, such that RA in the o,f, treat- 
ment group recovered to near-baseline levels. To 
understand whether these changes reflected the 
administration of 0.47 mAb, independent of SIV 
infection, we treated two uninfected animals 
with a487 mAb and observed no effect on serum 
RA (fig. S15). Indeed, we also observed a sim- 
ilar response in I-FABP levels in phase III (fig. 
$13). Finally, we carried out an exploratory 
analysis to identify additional biomarkers in 
phase III that might correlate with the degree 
of gut proviral DNA rebound in phase IV. Both 
positive and negative predictors of the magni- 
tude of viral rebound in gut tissues were iden- 
tified (fig. S16). 
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Induction of gp120 V2-specific 

antibody responses 

Plasma and peripheral blood mononuclear cell 
(PBMC) samples were also screened for SIV-specific 
antibody responses and antibody-dependent cell- 
mediated cytotoxicity (ADCC). We found neither 
neutralizing antibodies nor differences in ADCC 
titers (fig. S17). In human and macaque vaccine 
trials, nonneutralizing antibodies directed against 
the second variable loop (V2) in Env glycoprotein 
120 (gp120) correlated with reduced risk of ac- 
quisition (28, 29). We therefore characterized 
the specificity of the antibody responses by per- 
forming Pepscan enzyme-linked immunosorbent 
assay (ELISA) of sera from five animals in each 


group against linear peptides spanning the en- 
tire gp120 subunit (fig. S18). Serum samples from 
weeks 30 to 36 showed that five out of five 0.487 
mAb-treated macaques reacted, to varying lev- 
els, with two overlapping V2 peptides (peptides 
26 and 27). None of the IgG-treated controls 
reacted to both of these peptides (two animals 
reacted to one peptide). We found no other con- 
sistent difference in epitope-specific reactivity 
between the two groups. We then evaluated 
antibody responses using a more sensitive sur- 
face plasmon resonance (SPR) assay. Sera from 
all 15 animals through the five treatment phases 
were reacted with both SIV gp120 and an SIV 
cyclic V2 peptide. Sera from both treatment 
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Fig. 6. Characterization of the anti-SIV gp120 V2 antibody response. (A) Reactivity (response 
units, RU) of sera from individual animals in the groups treated with ART + IgG (top left) and ART + 
a4B7 MAb (top right) against a cyclic V2 peptide (cV2). The dashed line represents the cut-off value 
for positive reactivity. (B) Serum reactivity (percent response, means + SD) against cV2 of four ART + 
o.4B7 mAb-treated animals in the presence of overlapping V2 peptides (41 to 45), or in the absence of 
any competing peptide (black bar), defined as 100% response. Asterisk (*) represents the level of sig- 
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control). (C) Alignment of the SIV V2 overlapping peptides 41 to 45 with the V2 region of SIVmac239 and 
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Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. *P < OOO1. 


groups showed similar reactivity to gp120 (mean 
values) (fig. S19). However, the two treatment 
groups differed in their reactivity to V2. Whereas 
eight out of eight 0,8; mAb-treated animals 
showed persistent reactivity to V2, only three 
out of seven IgG-treated animals reacted to V2 
(Fig. 6A). We then fine-mapped this reactivity 
by competing serum reactivity from all eight 
animals with overlapping 15mer peptides span- 
ning V2 (Fig. 6B). A peptide corresponding to 
the sequence KFNMTGLKRDKKKEY (see Fig. 
6 legend) reduced serum reactivity by ~80%. 
Alignment of this sequence with an HIV Thai 
clade A/E V2 sequence indicates that it recognizes 
the same region identified in a sieving analysis 
for immune correlates of reduced risk in the 
RV144 vaccine trial (Fig. 6C) (30). These data 
indicate that 048, mAb treatment promotes V2 
antibody responses by an undefined mechanism. 


Discussion 


Combining ART with o,$8; mAb promoted pro- 
longed virologic control (Fig. 1 and fig. S3) and 
the restoration of CD4* T cells. Control persisted 
long after o48; mAb treatment was terminated. 
It was not associated with neutralizing antibody 
or classical cell-mediated immune responses (figs. 
$20 to $24) but instead with reduced damage to 
GITs. The precise mechanism(s) by which ART + 
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o4f8; mAb therapy promoted virologic control 
remains to be defined. However, we identified 
a series of correlates that individually or in com- 
bination may have contributed to that control. 
These include the recovery of Ty17 and Ty22 
subsets of CD4* T cells, significant increases 
in cytokine-synthesizing NK cells and NKp44* 
ILCs, skewing of the antibody response toward 
the gp120 V2 domain, distinguishing plasma 
biomarkers in phase III followed by signatures 
associated with reduced gut damage and inflam- 
mation in phases IV and V, and the recovery of 
RA levels. RA is a key regulator of gut immune 
responses (31, 32) but it also inhibits fibrosis (33). 

Vedolizumab, the humanized analog of a.487 
mAb is believed to reduce trafficking of 0.48,- 
expressing CD4" T cells to GITs. This is the basis 
for its use in the treatment of inflammatory 
bowel disease (IBD) (34). Yet, paradoxically, in 
this study o,f; mAb promoted the repopula- 
tion of GITs with CD4* T cells. Future studies 
are needed to address the phenotype and func- 
tionality of these cells. Such information may 
help us better understand both the virologic 
control we are observing and the mechanism of 
action of drugs like vedolizumab. Vedolizumab 
belongs to a class of therapeutic agents that are 
currently in various stages of development for 


the treatment of IBD (34, 35). It may be possible 


to use these drugs as adjunctive agents in the 
treatment of HIV infection. 
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SOLAR CELLS 


Improving efficiency and stability of 
perovskite solar cells with 
photocurable fluoropolymers 


Federico Bella,’*+ Gianmarco Griffini,”*{+ Juan-Pablo Correa-Baena,*{+ Guido Saracco,* 
Michael Gratzel,” Anders Hagfeldt,®* Stefano Turri,” Claudio Gerbaldi* 


Organometal halide perovskite solar cells have demonstrated high conversion efficiency 

but poor long-term stability against ultraviolet irradiation and water. We show that rapid 
light-induced free-radical polymerization at ambient temperature produces multifunctional 
fluorinated photopolymer coatings that confer luminescent and easy-cleaning features on the 
front side of the devices, while concurrently forming a strongly hydrophobic barrier toward 
environmental moisture on the back contact side. The luminescent photopolymers re-emit 
ultraviolet light in the visible range, boosting perovskite solar cells efficiency to nearly 

19% under standard illumination. Coated devices reproducibly retain their full functional 
performance during prolonged operation, even after a series of severe aging tests carried out for 


more than 6 months. 


hotovoltaic devices made with organometal 

halide perovskites [perovskite solar cells 

(PSCs)] have achieved certified power con- 

version efficiencies (PCEs) as high as 22.1% 

(J-9). Reliable device operation will require 
achieving long-term stability (JO—12), in which 
PSCs suffer from two types of stresses that se- 
verely limit their operation, namely degradation 
from atmospheric exposure and electrical stresses 
(polarization). The latter is represented by a hys- 
teresis loop in current-voltage measurement un- 
der light and is caused by ionic motion in the 
perovskite material that can be overcome largely 
by using appropriate contacts (13) or modifying 
morphology (14). However, the stability of PSCs 
in humid environments, where photochemical 
and thermal stresses also are typically encountered, 
have presented an unsurmountable challenge to 
date (11, 12). 

Several strategies to improve the stability of 
PSCs have been proposed. Device encapsulation, 
where hydrophobic polymer layers may substan- 
tially limit the permeation of atmospheric mois- 
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ture (15, 16), is not suitable for protecting the 
device against photochemical and thermal stresses 
during outdoor functioning. Replacement (or pro- 
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tection) of the organic components with metal 
oxides—e.g., a chromium oxide-chromium (Cr,03/Cr) 
interlayer protecting the metal contacts from re- 
actions with the perovskite material—has recent- 
ly been proposed, as well as the fabrication of 
solar cells with all-solution-processed metal oxide 
charge transport layers (17-19). However, these 
strategies [and others, such as the perovskite 
crystal cross-linking with alkylphosphonic acid 
@-ammonium chlorides (20) or the introduction 
of porous carbon layers (21, 22)] affect only the 
air stability of the solar cells. With regard to ul- 
traviolet (UV)-light stability, cesium bromide has 
been recently proposed as an interfacial modifier 
between the electron collection layer and the 
perovskite absorber layer, but resistance to mois- 
ture or high temperatures remains to be demon- 
strated (23). 

We propose the use of multifunctional photo- 
polymers as a comprehensive promising solution 
to PSC instability. A luminescent downshifting 
(LDS) fluoropolymeric layer is rapidly photogen- 
erated on the front side of the device (i.e., the 
glass side), as detailed in section 1 in the supple- 
mentary materials (24). The coating prevents the 
UV portion of the incident solar spectrum from 
negatively interacting with the PSC stack by 
converting it into visible light (Fig. 1A) and also 
increases the photocurrent by 6%. Devices can 
achieve PCEs approaching 19% without affecting 
the chemistry as well as the electronic properties 
of both the photoactive and the buffer layers. 
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Fig. 1. LDS-PSC integrated system. (A) Scheme of the UV-coating operating principle. (B) Normalized 
absorption and emission spectra of V570-doped UV coating compared with the IPCE response of the PSC 
devices under study. (C) Cross-sectional field-emission scanning electron microscopy image of the PSC 
device before coating deposition. (D) Digital photograph of a PSC bearing the UV coating when exposed to 
UV light. 
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With regard to atmospheric humidity tolerance, 
a strongly hydrophobic photopolymer is grown 
on the back contact side. This additional layer 
behaves as an efficient barrier toward water per- 
meation within the solar cell stack. The result- 
ing devices demonstrated unrivaled stability in 
terms of PCEs during a 180-day (4320 hours) 
aging test carried out under different atmos- 
pheric conditions and in the presence of various 
photochemical external stresses. The same devi- 
ces were also exposed to real outdoor conditions 
for more than 3 months (2160 hours), success- 
fully demonstrating their exceptional tolerance 
to dust, soil, and heavy rain on the external glass 
surface. Finally, the low-surface-energy fluori- 
nated LDS layer makes the front electrode easily 
cleanable in real outdoor conditions. 

The precursor material used for the LDS coat- 
ings is based on a combination of a UV-curable 
chloro-trifluoro-ethylene vinyl ether fluoropolymer 
binder and a dimethacrylic perfluoropolyether 
oligomer. The materials react upon UV-light ex- 
posure to give a fully cross-linked coating (full 
characterization of the coating material is pres- 
ented in sections 2 to 4 in the supplementary 
materials) (25). To impart the LDS functionality 
to this fluoropolymeric coating (referred to as 
UV coating hereafter), a luminescent species was 
added to the precursor formulation in different 
amounts. The fluorescent organic dye Lumogen 
F Violet 570 by BASF (referred to hereafter as 
V570; see inset of fig. S2D) was selected as a lu- 
minophore given its commercial availability and 
favorable optical properties (i.e., high absorption 
coefficient and fluorescence quantum yield) (26). 
In addition, this particular class of dyes is char- 
acterized by relatively good solubility in the poly- 
mer to avoid aggregation-induced quenching 
and easy processability in polymers (26). 

The optical properties of the V570-doped fluo- 
ropolymeric coating are well matched with the 
spectral response of the PSC devices that we used 
(Fig. 1B). In particular, the absorption spectrum of 
the LDS material peaks in the short-wavelength 
region where the PSC device exhibits a minimum 
incident photon-to-current conversion efficiency 
(IPCE) [Amax(abs) = 377 nm]. As a result of the 
fluorescence process (Fig. 1D), the re-emitted pho- 
tons are red-shifted to a region where the IPCE of 
the device is maximum. 

We tested these films on devices composed of 
a typical stack of fluorine-doped tin oxide (FTO)/ 
compact-TiO./mesoporous-TiO./mixed perovskite/ 
spiro-OMeTAD/gold (Fig. 1C). The compact-Ti0, 
and thin mesoporous-TiO, layers are used as the 
electron selective materials, whereas the perov- 
skite capping layer absorbs most of the light 
and transports the charges. Spiro-OMeTAD is 
used as the hole selective layer. In this study, a 
Pb-based “mixed” perovskite containing a mix of 
cations and halides (formamidinium iodide:PbI,: 
methylammonium bromide:PbBr, = 1.0:1.1:0.20:0.22) 
is used, as described in our recent publications 
(27, 28) and detailed in the experimental section. 
Thin films of liquid, light-curable reactive mix- 
tures (precursors of the fluoropolymeric layer) with 
different amounts of V570 were spin-coated on the 
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front side of the devices. Then, the as-cast wet 
fluoropolymeric precursor was UV-irradiated for 
30 s under a nitrogen atmosphere to cure a layer 
~5 um in thickness. 

The photovoltaic response of the resulting PSCs 
at increasing V570 concentration is shown in Table 
1, where the efficiency-boosting effect of the LDS 
coatings on device performance can be noted for 
V570 loadings in the range of 1 to 2 weight % (wt 
%). The short-circuit photocurrent density (Jc) 
increased from 19.20 to 20.31 mA cm™ when 2 
wt % of V570 was introduced in the fluorinated 
coating, thus leading to a 6% increase in J,, (and 
also in PCE). At higher fluorophore loadings (>2 
wt %), the photocurrent density started to decrease, 
likely because a greater amount of fluorescent 
species can reasonably increase the probability 
for an emitted photon to be reabsorbed by an- 
other adjacent fluorophore molecule within the 
polymeric layer, given the partial overlap between 
absorption and emission bands of V570 (Fig. 1B 
and fig. SID). For V570 loadings exceeding 3 wt %, 
the J,, values were further lowered. 

To confirm the beneficial effects of the LDS 
coatings on the photocurrent generated upon 
illumination, IPCE curves were recorded (Fig. 
2A). The luminescent species introduced in the 


polymeric architecture effectively converted the 
near-UV region of the solar spectrum (Fig. 2B) 
into lower-energy photons of wavelengths well 
matching the absorption spectrum of the perov- 
skite layer. 

These PSCs have relatively moderate but high- 
ly reproducible efficiencies (~15.5%). We also in- 
vestigated the LDS effect with more efficient 
devices (PCE > 17%) by incorporating an opti- 
mized LDS coating (i.e., fluorophore concentra- 
tion of 2 wt %). The increase in PCE from 17.31 to 
18.67% resulted from a ~5% enhancement in 
photocurrent (J,. increased from 21.96 to 23.23 
mA cm”). Given the correlation between Je. and 
V570 content (Table 1) and the broadening of the 
IPCE curve in the UV region (see Fig. 2B), we can 
exclude that such photocurrent enhancement is 
caused by a mere antireflective effect produced 
by the LDS layer (as also confirmed by the poorer 
performance observed on the undoped LDS sys- 
tem). Conversely, the downshifting phenomenon 
consistently explains the measured trends. The 
integration of the product of the AM1.5G photon 
flux with the IPCE spectrum (Fig. 3B) yielded pre- 
dicted J,. values equal to 21.09 and 22.13 mA cm”? 
for the uncoated and coated devices, respectively; 
the mismatch with respect to the values inferred 
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Fig. 2. IPCE curves for PSCs. (A) Cells were coated with the LDS fluoropolymeric layer loaded with 
different amounts (0 to 2 wt %) of V570. (B) Detail of IPCE curves for illumination below 420 nm. Mask 
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Fig. 3. Photovoltaic characterization of the best device. (A) J-V curves (1 Sun, AM1.5G, 5 mVs~4) fora 
highly efficient PSC before and after coating with the optimized LDS fluoropolymeric layer (2 wt % V570). 
Dotted lines represent the reverse scan. (B) IPCE curves of the same PSCs. The integration of the product 
of the AM1.5G photon flux with the IPCE spectrum is also shown for coated and uncoated devices. 
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from the photocurrent density versus voltage (/-V) 
curves (Fig. 3A) was equal to ~1 mA cm”, con- 
sistent with other recent reports in the PSC field 
(21, 29, 30). The excellent quality of the fabri- 
cated PSCs is reflected in the negligible hyster- 
esis phenomenon observed in the J-V curves of 
our high-efficiency devices (Fig. 3A, dotted lines), 
consistent with recent reports (74). 

We investigated whether these luminescent 
polymeric coatings (with 2 wt % loading) can 
enhance device stability on a long-term basis by 
carrying out three aging studies under markedly 
different conditions. In the first aging test, un- 
coated devices and front-coated ones (five solar 
cells for each condition) were studied for an 
overall period of 6 months. In the first 3 months, 
the devices were kept in an Ar-filled dry glove 
box and continuously irradiated (8 hours per 


day) with a UV optical fiber having a5 mW cm 
intensity. This value simulates well the 5% con- 
tribution given by UV light (280 to 400 nm) to 
the overall solar spectral irradiance on Earth 
(1000 W m~?, AM1.5G) based on the Standard 
Reference Solar Spectra (ASTM G-173-03). The 
uncoated devices (black curve) in this UV- 
induced aging test (Fig. 4A) lost 30% of their 
initial efficiency after 1 week of exposure and 
failed after 1 month; conversely, all five front- 
coated cells (red curve) demonstrated excellent 
stability under the same conditions, retaining 
98% of their initial PCE after 3 months. 

After this period, the solar cells were taken out 
of the Ar-filled glove box and placed inside a quartz 
chamber, where they were exposed to constant 
relative humidity (RH) (50%), and the aging test 
was allowed to proceed in the same UV irra- 


Table 1. Photovoltaic parameters of PSCs coated with the fluoropolymeric layer laden with 
different amounts (0 to 3 wt %) of V570. Average values for uncoated devices are also shown 
for comparison purposes. Each experimental condition was reproduced five times on different 
devices; solar cells were tested under 1 Sun, AM1.5G, at a scan rate of 5 mVs ! and with a mask area 
of 0.16 cm*. In addition to the Js, trend described in the text, a slight variation of Vo. (open-circuit 
voltage) values can also be appreciated, scaling logarithmically with Js. in accordance with the 
photodiode equation—i.e., Voc = kTq™In(IscJg! + 1). FF, fill factor. 


V570 ape V2 is PCE APCE 
(wt %) (mA cm) (V) (%) (%) 
Uncoated 19.20 + 0.05 1.120 + 0.003 0.72 + 0.01 5.48 ) 
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2 20.20 + 0.06 iL, 


S) 20.11 + 0.08 


37 + 0.003 


0.72 + 0.01 


1.134 + 0.004 


0.73 + 0.01 


diation conditions described above. Figure 4A 
shows that, immediately after the modification 
of the aging conditions, front-coated cells (red 
curve) showed a sharp decrease in efficiency, re- 
sulting in an 82% decrease of their initial ef- 
ficiency at the end of the second quarter of the 
aging test. Such a rapid decay was attributed to 
the amount of moisture present in the aging 
chamber that progressively infiltrated the PSC 
stack from the back contact side, thus causing 
the gradual hydrolysis of the perovskite layer. 
The effects of degradation were easily detectable 
by simple visual inspection, as a progressive yellow- 
ing of the mixed-perovskite layer upon 50% RH 
exposure was observed (see inset of Fig. 4A). 

With the aim of stabilizing our devices in terms 
of photochemical resistance, as well as moisture 
tolerance, a fluoropolymeric light-curable coating 
was deposited also on the back contact side 
(front/back-coated device configuration). The same 
formulation used in the LDS experiment was 
used for back-coating the PSC devices, except that 
no luminescent dye was used. The use of such 
fluoropolymeric layer on top of the PSC stack is 
expected to efficiently combat water permeation 
through the top back contact toward the perov- 
skite layer as a result of the highly hydrophobic 
character of the coating (see section 3 in the 
supplementary materials) (25). In addition, the 
cross-linked nature of the fluoropolymeric UV 
coating entails a lower free volume than typical 
non-cross-linked polymeric systems and should 
therefore enhance the long-term durability of 
PSCs (31, 32). 

Figure 4A shows the aging test performed 
onto front/back-coated PSCs (blue curve), i.e., 
devices bearing the luminescent coating on the 
front side and the moisture-resistant one on the 
back contact side. All of the five devices main- 
tained an excellent stability (98%) in the aging 
conditions resulting from the combined effects 
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Fig. 4. Aging of LDS-PSC integrated system. (A) Results of the aging test 
on the three series of PSCs: uncoated, front-coated (i.e., luminescent fluo- 
rinated coating on the front side), and front/back-coated (i.e., front side coated 
with the luminescent fluorophore and back contact coated with the moisture- 
resistant fluoropolymeric layer). During the first 3 months, PSCs were kept 
under Ar atmosphere and in the next 3 months under air at 50% RH, in both 
cases under continuous UV irradiation. PCE was measured once a week. A 
digital photograph of a front-coated solar cell at the end of the test is also 
shown. Further details are given in fig. SIA and section 5 in the supplementary 
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materials. (B) XRD patterns of both uncoated and (front and front/back) 
coated PSC devices after the 6 months aging test. For comparison purposes, 
the XRD pattern of the pristine uncoated PSC system is also shown. Asterisks, 
crosses, and diamonds denote the main signals ascribed to FTO, perovskite, 
and Pblo, respectively. (C) Results of the aging test on front/back coated 
devices left for three months on the terrace of the Politecnico di Torino building 
in Turin (Italy), thus experiencing real outdoor operating conditions. PCE was 
measured once a week. Further details are given in fig. SIB and section 7 in the 
supplementary materials. 
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of photochemical and environmental stresses. 
X-ray diffraction (XRD) (Fig. 4B) analysis showed 
that performance degradation corresponded to 
the decomposition of the crystalline perovskite 
material into PbI, which was not observed for the 
fully coated devices (see section 6 in the supple- 
mentary materials). 

Given the stabilizing effect of the fluoropoly- 
meric coating applied on both sides of the cells, 
a second aging test was designed to verify the 
stability of the front/back-coated PSCs under 
real outdoor atmospheric conditions, where tem- 
perature variations, precipitation phenomena, 
and pollution are typically encountered. A batch 
of five cells was exposed on the terrace of the 
Politecnico di Torino building in Turin (45°06'N, 
7°66'E), located in northwest Italy, in a humid sub- 
tropical climate zone from October to December 
2015. The PSCs were subjected to highly variable 
climatic conditions, as outdoor temperatures 
ranged from —3° to +27°C, and 27 out of 92 days 
were characterized by heavy rain and storms 
(33), as shown in Fig. 4C. The front/back-coated 
PSCs exhibited long-term stability retaining 
95% of their initial efficiency after this test by 
(i) protecting the perovskite from UV radiation, 
converting it into exploitable visible photons; 
(ii) acting as a moisture barrier, thus preventing 
hydrolytic phenomena of the perovskite material; 
and (iii) keeping the front electrode clean by 
means of the easy-cleaning characteristics of this 
fluorinated polymer. Similar results were found 
for outdoor tests performed during Summer 2016, 
and the data collected are available in section 7 in 
the supplementary materials. 

To demonstrate the water resistance of the 
photopolymerized fluorinated coatings, we kept 
five solar cells for 1 month in a closed chamber in 
the presence of a beaker containing boiling wa- 
ter (95% RH, fig. SIC), and the photovoltaic re- 
sponse was evaluated once a week. After 1 month, 
four of the five cells withstood the strong aging 
conditions and remarkably retained 96 + 2% of 
their initial PCE. Only one device lost 95% of its 
initial efficiency after the first week. After in- 
spection, we found a small area on the back side 
of the solar cell not thoroughly coated by the 
fluoropolymeric layer. The nonhomogeneous de- 
position of the coating caused a gradual hydrol- 
ysis of the underlying perovskite layer. We also 
dipped the front/back-coated devices into water. 
After 1 day of immersion, no changes in their 
photovoltaic performance were observed. 
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SOLAR CELLS 


Incorporation of rubidium cations 
into perovskite solar cells improves 
photovoltaic performance 
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Amita Ummadisingu,’ Shaik M. Zakeeruddin,’ Juan-Pablo Correa-Baena,” 
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All of the cations currently used in perovskite solar cells abide by the tolerance factor for 
incorporation into the lattice. We show that the small and oxidation-stable rubidium 

cation (Rb*) can be embedded into a “cation cascade” to create perovskite materials with 
excellent material properties. We achieved stabilized efficiencies of up to 21.6% (average 
value, 20.2%) on small areas (and a stabilized 19.0% on a cell 0.5 square centimeters in area) 
as well as an electroluminescence of 3.8%. The open-circuit voltage of 1.24 volts at a band 
gap of 1.63 electron volts leads to a loss in potential of 0.39 volts, versus 0.4 volts for 
commercial silicon cells. Polymer-coated cells maintained 95% of their initial performance 
at 85°C for 500 hours under full illumination and maximum power point tracking. 


ow-cost perovskite solar cells (PSCs) have 
achieved certified power conversion effi- 
ciencies (PCEs) of 22.1% (J). The organic- 
inorganic perovskites used for photovoltaics 
(PV) have an AMX; formula that comprises 
a monovalent cation, A [cesium Cs*, methylam- 
monium (MA) CH3NH;’, or formamidinium (FA) 
CH.(NH,)."J; a divalent metal, M (Pb?* or Sn?*); 
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and an anion, X (CI, Br, or I). The highest- 
efficiency perovskites are Pb-based with mixed 
MA/FA cations and Br/I halides (2-4). Recently, 
Cs was used to explore more complex cation com- 
binations: Cs/MA, Cs/FA, and Cs/MA/FA (5-9). 
These perovskite formulations exhibit unexpected 
properties. For example, Cs/FA mixtures sup- 
press halide segregation, enabling band gaps for 
perovskite/silicon tandems (J0). The Cs/MA/ 
FA-based solar cells are more reproducible and 
thermally stable than MA/FA mixtures (9). 

In general, increasing the perovskite complex- 
ity is motivated by the need to improve stability 
by adding more inorganic elements and increasing 
the entropy of mixing, which can stabilize ordinarily 
unstable materials (such as the “yellow,” non- 
photoactive phase of FAPbI, that can be avoided 
by using small amounts of the otherwise unstable 
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of photochemical and environmental stresses. 
X-ray diffraction (XRD) (Fig. 4B) analysis showed 
that performance degradation corresponded to 
the decomposition of the crystalline perovskite 
material into PbI, which was not observed for the 
fully coated devices (see section 6 in the supple- 
mentary materials). 

Given the stabilizing effect of the fluoropoly- 
meric coating applied on both sides of the cells, 
a second aging test was designed to verify the 
stability of the front/back-coated PSCs under 
real outdoor atmospheric conditions, where tem- 
perature variations, precipitation phenomena, 
and pollution are typically encountered. A batch 
of five cells was exposed on the terrace of the 
Politecnico di Torino building in Turin (45°06'N, 
7°66'E), located in northwest Italy, in a humid sub- 
tropical climate zone from October to December 
2015. The PSCs were subjected to highly variable 
climatic conditions, as outdoor temperatures 
ranged from —3° to +27°C, and 27 out of 92 days 
were characterized by heavy rain and storms 
(33), as shown in Fig. 4C. The front/back-coated 
PSCs exhibited long-term stability retaining 
95% of their initial efficiency after this test by 
(i) protecting the perovskite from UV radiation, 
converting it into exploitable visible photons; 
(ii) acting as a moisture barrier, thus preventing 
hydrolytic phenomena of the perovskite material; 
and (iii) keeping the front electrode clean by 
means of the easy-cleaning characteristics of this 
fluorinated polymer. Similar results were found 
for outdoor tests performed during Summer 2016, 
and the data collected are available in section 7 in 
the supplementary materials. 

To demonstrate the water resistance of the 
photopolymerized fluorinated coatings, we kept 
five solar cells for 1 month in a closed chamber in 
the presence of a beaker containing boiling wa- 
ter (95% RH, fig. SIC), and the photovoltaic re- 
sponse was evaluated once a week. After 1 month, 
four of the five cells withstood the strong aging 
conditions and remarkably retained 96 + 2% of 
their initial PCE. Only one device lost 95% of its 
initial efficiency after the first week. After in- 
spection, we found a small area on the back side 
of the solar cell not thoroughly coated by the 
fluoropolymeric layer. The nonhomogeneous de- 
position of the coating caused a gradual hydrol- 
ysis of the underlying perovskite layer. We also 
dipped the front/back-coated devices into water. 
After 1 day of immersion, no changes in their 
photovoltaic performance were observed. 
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SOLAR CELLS 


Incorporation of rubidium cations 
into perovskite solar cells improves 
photovoltaic performance 


Michael Saliba,’*+ Taisuke Matsui,”?+ Konrad Domanski,'+ Ji-Youn Seo," 
Amita Ummadisingu,’ Shaik M. Zakeeruddin,’ Juan-Pablo Correa-Baena,” 
Wolfgang R. Tress,’ Antonio Abate,’ Anders Hagfeldt,* Michael Gratzel’* 


All of the cations currently used in perovskite solar cells abide by the tolerance factor for 
incorporation into the lattice. We show that the small and oxidation-stable rubidium 

cation (Rb*) can be embedded into a “cation cascade” to create perovskite materials with 
excellent material properties. We achieved stabilized efficiencies of up to 21.6% (average 
value, 20.2%) on small areas (and a stabilized 19.0% on a cell 0.5 square centimeters in area) 
as well as an electroluminescence of 3.8%. The open-circuit voltage of 1.24 volts at a band 
gap of 1.63 electron volts leads to a loss in potential of 0.39 volts, versus 0.4 volts for 
commercial silicon cells. Polymer-coated cells maintained 95% of their initial performance 
at 85°C for 500 hours under full illumination and maximum power point tracking. 


ow-cost perovskite solar cells (PSCs) have 
achieved certified power conversion effi- 
ciencies (PCEs) of 22.1% (J). The organic- 
inorganic perovskites used for photovoltaics 
(PV) have an AMX; formula that comprises 
a monovalent cation, A [cesium Cs*, methylam- 
monium (MA) CH3NH;’, or formamidinium (FA) 
CH.(NH,)."J; a divalent metal, M (Pb?* or Sn?*); 
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and an anion, X (CI, Br, or I). The highest- 
efficiency perovskites are Pb-based with mixed 
MA/FA cations and Br/I halides (2-4). Recently, 
Cs was used to explore more complex cation com- 
binations: Cs/MA, Cs/FA, and Cs/MA/FA (5-9). 
These perovskite formulations exhibit unexpected 
properties. For example, Cs/FA mixtures sup- 
press halide segregation, enabling band gaps for 
perovskite/silicon tandems (J0). The Cs/MA/ 
FA-based solar cells are more reproducible and 
thermally stable than MA/FA mixtures (9). 

In general, increasing the perovskite complex- 
ity is motivated by the need to improve stability 
by adding more inorganic elements and increasing 
the entropy of mixing, which can stabilize ordinarily 
unstable materials (such as the “yellow,” non- 
photoactive phase of FAPbI, that can be avoided 
by using small amounts of the otherwise unstable 
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Fig. 1. Tolerance factor and perovskites at different temperatures. (A) Tolerance factor of APbl3 
perovskite with the oxidation-stable A (Li, Na, K, Rb, or Cs) and MA or FA (see table S1 for detailed 
calculations and ionic radii). Empirically, perovskites with a tolerance factor between 0.8 and 1.0 (dashed 
lines) show a photoactive black phase (solid circles) as opposed to nonphotoactive phases (open circles). 
Rb (red open circle) is very close to this limit, making it a candidate for integration into the perovskite 
lattice. (B) CsPbls [(a) to (c)] and RbPbls [(d) to (f)] at 28°, 380° or 460°C. Irreversible melting for both 
compounds occurs at 460°C. RbPbl3 never shows a black phase. 
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Fig. 2. Characterization of unannealed and annealed films. (A) UV-vis (dashed lines) and PL (solid 
lines) of unannealed MAFA (black) and RbCsMAFA (red) films. The inset images show fluorescence 
microscopy measurements (image size ~26 um x 26 um) of MAFA and RbCsMAFA films. Each image is an 
overlay of three emission ranges sampled from 640 to 650 nm (assigned as green), 680 to 690 nm (blue), 
and 725 to 735 nm (red). The colors were chosen to ensure easily discernible features. (B) XRD data of the 
unannealed MAFA and RbCsMAFA films. (C) UV-vis (dashed lines) and PL (solid lines) of MAFA (black) and 
RbCsMAFA (red) films annealed at 100°C for 1 hour. (D) XRD data of the annealed MAFA and RbCsMAFA 
films. The Pbl2 and yellow-phase peaks are denoted as # and 4, respectively. 


CsPblI3) (6, 7). However, all combinations of Cs, Further progress requires exploration of a wider 


MA, and FA cations were selected because each 
individually forms a photoactive perovskite “black” 
phase (11-13). 
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circle of cations. Unfortunately, most monovalent 
cations are mismatched to sustain a photoactive 
APDbI, perovskite with an appropriate Goldschmidt 


tolerance factor [¢ = (7, + 71)/ V2 (Tpp + 11)s 
where r is ionic radius] between 0.8 and 1.0 
(14, 15), rendering almost all elemental cations too 
small for consideration. We illustrate this point 
in Fig. 1A, which shows tolerance factor cal- 
culations for the alkali metals (Li, Na, K, Rb, Cs) 
as well as MA and FA (see table S1 for numeric 
values and ionic radii). We selected specifically 
the alkali metals that are oxidation-stable mono- 
valent cations, as these would have a stability ad- 
vantage over oxidation-prone Pb/Sn mixtures that 
have distorted material electronic properties (16). 

The tolerance factor shows that only CsPbIs, 
MAPDI;, and FAPbI, fall into the range of “es- 
tablished perovskites” with a black phase. Li, Na, 
and K are clearly outside of the range, whereas 
RbPbI; only misses by a small margin. The ionic 
radii of Cs and Rb are 167 pm and 152 pm, res- 
pectively. This small difference still has a large 
impact, with RbPbI; and CsPbI, drawing the de- 
marcation line between photoactive black perov- 
skite and photoinactive yellow nonperovskite 
phases. As shown by heating CsPbI; and RbPbI, 
films at different temperatures (Fig. 1B), both 
films are yellow at 28°C; upon heating to 380°C, 
only CsPbI, turns black, whereas RbPbI, remains 
yellow. At 460°C, both films start melting ir- 
reversibly, without RbPbI, ever showing a black 
phase; this is consistent with the observations of 
Trots and Myagkota (17). Thus, only CsPbI, has a 
black phase, which explains why Rb has so far 
not been used for PSCs despite its desirable 
oxidation stability. 

In this work, we propose embedding Rb’, only 
slightly smaller than Cs", into a photoactive pe- 
rovskite phase using multiple A-cation formula- 
tions. We retain FA as the majority cation because 
of the beneficial, red-shifted band gap. We identify 
four previously unexplored combinations: RbFA, 
RbCsFA, RDMAFA, and RbCsMAFA. In (78) and 
figs. S1 to S3, following the antisolvent approach 
pioneered by Jeon et al. (2), we present device 
data on a glass/fluorine-doped tin oxide/compact 
TiO,/mesoporous TiO./perovskite/spiro-OMeTAD 
[2,2',7,7'-tetrakis(V,N-di-p-methoxyphenylamine)- 
9,9'-spirobifluorene]/Au architecture. [See fig. S44 
for a cross-sectional scanning electron microscopy 
(SEM) image and fig. S4C for an image of typical 
devices.] All preparation details are given in (78). We 
use the nomenclature of RbFA, RbCsFA, Rb MAFA, 
and RbCsMAFA to denote the entire perovskite 
compounds at the optimized values found in (78) 
(usually achieved with an addition of 5 to 10% Rb). 

Reasonable device performances were reached 
with RbFA (14%), RbCsFA (19.3%), RDMAFA (19.2%) 
[comparable to CsFA (20%)], and CsMAFA (19.2%), 
as shown in figs. S1 to S3 (measured on a device 
area of 0.16 cm”). Thus, Rb can stabilize the black 
phase of FA perovskite and be integrated into 
PSCs, despite not being suitable as a pure RbPbI, 
compound. Surprisingly, RbCsMAFA (with 5% 
Rb; fig. S3) resulted in PCEs of 20.6%, with an 
open-circuit voltage V,, of 1186 mV (78). Hence, 
we focus below on RbCsMAFA to substantiate the 
impact of the Rb* integration approach for PSCs. 

We investigated the starting condition of the 
crystallization process for the RoCsMAFA compound 
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85°C continuous illumination at max power point 
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tracking for 60 s, 
resulting in a stabilized 


efficiency of 21.6% at 977 mV and 22.1 mA cm’° (displayed as triangles in 
the J-V and MPP scans). (B) J-V curve of the highest-V,. device. The inset 
shows the Vo, over 120 s, resulting in 1240 mV (displayed as the red 
triangles in the J-V and V,, scans). (C) EQE electroluminescence (EL) as a 
function of voltage. The left inset shows the corresponding EL spectrum over 
wavelength. The right inset shows a solar cell (device size ~1.4 cm x 2.8 cm) 
with two active areas. The left area is operated as an LED displaying a clearly 


upon annealing at 100°C, which is needed to 
fully crystallize the perovskite films. In Fig. 2A, 
we present the ultraviolet-visible (UV-vis) and 
photoluminescence (PL) data of the unannealed 
MAFA and RbCsMAFA films. Whereas MAFA 
showed several PL peaks with maxima ranging 
from 670 to 790 nm, the RbCsMAFA film had a 
narrow peak at 770 nm attributable to perovskite. 
The insets in Fig. 2A are fluorescence microscopy 
maps of the surface of the unannealed films, 
showing that the MAFA films comprise various 
emissive species that force the preannealed film 
to crystallize with inhomogeneous starting con- 
ditions. However, the RbCsMAFA films were 
emissive in a narrow range and began to crystal- 
lize from more homogeneous conditions. Thus, 
the addition of the inorganic cations enforced a 
crystallization that starts with a photoactive perov- 
skite phase (near the final emission after an- 
nealing) instead of a mixture of varying emissions 
that need to converge toward the final emission 
(see Fig. 2C). These results are consistent with 
the high reproducibility and lack of yellow phase 
in the RbCsMAFA films. 

Furthermore, we collected the corresponding 
x-ray diffraction (XRD) data of the unannealed 
films (Fig. 2B) that showed a pronounced perov- 
skite peak for RbCsMAFA as compared to MAFA 
films. In Fig. 2, C and D, we show analogous data 
after annealing, including UV-vis, PL, and XRD 
data, that reveal a RoCsMAFA band gap of ~1.63 eV 
(slightly blue-shifted relative to MAFA at ~1.62 eV) 
containing neither a PbI, nor a yellow-phase peak. 
The low-angle perovskite peaks for MAFA and 
RbCsMAFA occur at 14.17° and 14.259 respectively, 
revealing that Rb indeed modified the crystal lat- 


tice. In figs. S5 and S6, we show XRD data of 
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RbMAFA perovskite where we increased the con- 
centration of Rb. We observed, similar to CSMAFA 
(9), that the Pb excess and the yellow-phase im- 
purities of MAFA perovskite disappeared when 
Rb was added. For Rbs;MAFA, there was a shift to 
wider angles for the perovskite peak. Moreover, 
in figs. S7 and S8, we show a series of RoCsMAFA 
perovskite with an increased amount of Rb to- 
gether with a RbPbI; reference. We observed that 
the perovskite peak shifted to wider angles for 
RbsCsMAFA as well as further suppression of the 
residual PbI, (12.7°) and yellow-phase peak (11.7°) 
of FA-based perovskite. As more Rb was added, 
we noted the appearance of a second peak at 13.4° 
and a double peak at 10.1° that coincide with the 
peaks for the pure yellow-phase RbPbI, indicating 
phase segregation at higher Rb concentrations. This 
is in good agreement with previous work where a 
phase segregation was also observed as more and 
more Cs was added to FA-based perovskite (8). 
In addition, top-view scanning electron micros- 
copy (SEM) images revealed large crystals in the 
RbCsMAFA devices (fig. S9), which have been 
shown to be beneficial for the PV metrics (79). 
Energy-dispersive x-ray spectroscopy measure- 
ments (fig. S10) indicated the presence and dis- 
tribution of Cs and Rb within the perovskite layer. 
We collected statistical data on RbCsMAFA 
devices (with 12 CsSMAFA and 17 RbCsMAFA 
devices measured at a scan rate of 10 mV s‘, with- 
out preconditioning such as light soaking or long- 
term forward voltage biasing; see fig. S11) and 
observed superior performance relative to CSMAFA. 
Remarkably, the average V,, increased from 1120 
to 1158 mV and the fill factor (FF) increased from 
0.75 to 0.78. In Fig. 3A, we show that the best- 
performing RbCsMAFA cell reached a stabilized 


400 500 


visible red emission even under ambient light. At the same time, the right 
area can be operated as a solar cell or a photodetector. (D) Thermal stability 
test of a perovskite solar cell. The device was aged for 500 hours at 85°C 
under continuous full illumination and MPP tracking in a nitrogen atmo- 
sphere (red curve, circles). This aging routine exceeds industry norms. Dur- 
ing the light soaking at 85°C, the device retained 95% (dashed line) of its 


power output of 21.6% with FF of 81% and V,.. of 
1180 mV. The measured short-circuit current den- 
sity Js. matched the incident photon to current 
efficiency (IPCE) measurement in fig. S12. We also 
achieved a stabilized PCE of 19.0% on a large-area 
0.5-cm? device (see fig. $13). 

To correctly determine the value of V,., we in- 
vestigated RbCsMAFA devices with the active 
area being fully illuminated, held at room tem- 
perature, and under an inert nitrogen atmosphere. 
This setup permitted an accurate V,. value with- 
out heating or degradation effects (from mois- 
ture, for example). In Fig. 3B, for one of our 
highest-performing devices, we measured an 
outstanding V,, of 1240 mV, as confirmed by the 
inset tracking V,. over time. The “loss in poten- 
tial” (difference between V,. and band gap) is only 
~0.39 V, which is one of the lowest recorded for 
any PV material, implying very small nonradia- 
tion recombination losses (20). The high V,, is 
particularly intriguing because this is the major 
parameter preventing PSCs from reaching their 
thermodynamic limit (J,. and FF are already ap- 
proaching their maximal values). Theoretically, in 
very pure, defect-free materials with only radiative 
recombination, the loss in potential can be as 
small as 0.23 V (band gap of 1 eV) to 0.3 V (band 
gap of 2 eV). In particular, silicon, the main in- 
dustrial PV material, cannot approach this limit 
because of its indirect band gap and Auger recom- 
bination, exhibiting a loss in potential of ~0.4 V for 
the most efficient devices (20). 

The nonradiative recombination losses were 
quantified by measuring the external electrolumi- 
nescence quantum efficiency (EQEg,), which is 
> 1% at a driving current that is equal to the short- 
circuit current (see Fig. 3C). This value is in the 
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same order of magnitude and thus consistent with 
a measured external PL quantum yield of 3.6% for 
RbCsMAFA (and 2.4% for CSMAFA). Following the 
approach in (27-25) [see also fig. S14 and (/8)], 
we used the EQEp, and the emission spectrum to 
predict a V,. value of 1240 mV, confirming in- 
dependently the value measured from the J-V curve. 

Furthermore, for higher driving currents, the 
EQEg, in Fig. 3C reaches 3.8%, making the solar 
cell one of the most efficient perovskite LEDs as 
well, emitting in the near-infrared/red spectral 
range (Fig. 3C, inset) (26-28). Movie S1 shows a 
RbCsMAFA device mounted in our custom-made 
device holder. As we tuned toward maximum 
emission and back, we observed bright EL in 
daylight. For comparison, for commercially avail- 
able Si solar cells, EQEg,, = 0.5% (20). These 
values for our PSC devices indicate that all major 
sources of nonradiative recombination were strong- 
ly suppressed and that the material has very low 
bulk and surface defect density. We also inves- 
tigated transport behavior by means of intensity- 
modulated photocurrent spectroscopy (IMPS); the 
findings suggest that the charge transport within 
the RbCsMAFA perovskite layer is substantially 
faster than in CsMAFA, which is already much 
more defect-free than MAFA (79) [see also fig. S15 
and (78)]. 

Despite the high efficiencies and an outstand- 
ing EL, this Rb-containing perovskite material 
must be able to achieve high stability. This task is 
not trivial given the hygroscopic nature of perov- 
skite films, phase instabilities, and light sensitiv- 
ity (29). Interestingly, the Achilles’ heel of PSCs is 
not necessarily the perovskite itself, but rather the 
commonly used spiro-OMeTAD hole transporter 
material that becomes permeable (at elevated 
temperature) to metal electrode diffusion into 
the perovskite, causing irreversible degradation 
(30, 3D). This effect can be mitigated with buffer 
layers or by avoiding the use of metal electrodes 
(30-32). Alternatively, for the combined heat-light 
stress tests in this work, we found a thin layer of 
polytriarylamine polymer (PTAA) (see SEM image 
in fig. S4B) to work equally well (33). We imposed 
the above protocols simultaneously and aged 
devices for 500 hours at 85°C under continuous 
illumination with full intensity and maximum 
power point (MPP) tracking in a nitrogen atmos- 
phere. This compounded stress test exceeds in- 
dustrial standards (34). We show the result in Fig. 
3D (red curve). The device started with >17% effi- 
ciency at room temperature before the aging pro- 
tocol was applied (see fig. S16 for non-normalized 
values of PCE, FF, Jeg, Voc; Jupp, and Viypp). During 
the 85°C step (in which V,, is inevitably lowered), 
the device retained 95% of its initial performance. 
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BIOPHYSICS 


Bifurcating electron-transfer 
pathways in DNA photolyases 
determine the repair quantum yield 


Meng Zhang,’ Lijuan Wang," Shi Shu,” Aziz Sancar,” Dongping Zhong"* 


Photolyase is a blue-light—activated enzyme that repairs ultraviolet-induced DNA damage 
that occurs in the form of cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone 
(6-4) photoproducts. Previous studies on microbial photolyases have revealed an electron- 
tunneling pathway that is critical for the repair mechanism. In this study, we used femtosecond 
spectroscopy to deconvolute seven electron-transfer reactions in 10 elementary steps in all 
classes of CPD photolyases. We report a unified electron-transfer pathway through a conserved 
structural configuration that bifurcates to favor direct tunneling in prokaryotes and a two-step 
hopping mechanism in eukaryotes. Both bifurcation routes are operative, but their relative 
contributions, dictated by the reduction potentials of the flavin cofactor and the substrate, 


determine the overall quantum yield of repair. 


hotolyases, which belong to the photolyase 
(PL)-cryptochrome (CRY) superfamily, use 
a fully reduced flavin (FADH ) cofactor 
to repair sunlight-induced DNA lesions, 
including cyclobutane pyrimidine dimers 
(CPDs) and pyrimidine-pyrimidone (6-4) photo- 
products (1-5). On the basis of sequence analyses, 
CPD photolyases are highly diversified and can 
be subdivided into three classes (I to III) (6-8), 


as well as single-stranded DNA (ssDNA)-specific 
PLs (9) (Fig. 1A). Thus, the molecular repair 
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of the intermediate T-T after the first C-C bond 
breakage, T” after the second C-C cleavage, and 
the final product of repaired base T. The various 
dissections are shown in Fig. 3, D, F, and H, and 
fig. S4. Thus, we obtained the ultrafast electron 
hopping of FET3 in 6, 11, and 15 ps and the 
electron return after repair in 437, 2890, and 
819 ps for AnPL, DmPL, and AtPL, respectively. 
Knowing the total QYs (Fig. 1C), we can also 
derive the second C-C cleavage in 87, 48, and 36 
ps and the futile back electron transfer BET2 in 
1138, 149, and 527 ps, respectively, for three PLs 
(table S1). 

To recapitulate, we have identified 10 elemen- 
tary steps in the repair reaction by DNA photo- 
lyase, including 7 ET steps, and measured their 
time scales in real time (table S1). Consequently, 
we can calculate the QY of each step that con- 
tributes to the total QY (table $2). In Fig. 4, A and 
B, we show the two resolved photocycles for class 
I AnPL and class II AtPL, respectively, with the 
corresponding reaction times of each step. For 
class I PL (Fig. 4A), the two systems we studied, 
AnPL and EcPL, show a dominant tunneling 
pathway with the highest QYs (table S2). For 
class II PL (Fig. 4B), the two systems studied 
here, DmPL and AtPL, adopt mainly a two-step 
hopping route, also with good repair efficiency. 
For other PLs [class III CcPL and ssDNA-specific 
AtPL (AtCRY3)], both tunneling and hopping 
channels are operative (table S1). These detailed 
dynamics and time scales for seven ET reactions 
involved in repair can be used to derive micro- 
scopic pictures of various reorganization ener- 
gies; their relevant reduction potentials; and, 
thus, reaction driving forces (table S3) (21, 24, 25). 
We did not observe clear evidence for the possible 
flickering resonance for the initial electron bi- 
furcation, as proposed recently in a theoretical 
study (26). 

Figure 4C shows the repair QYs along the 
evolutionary path from the microbial class I to 
the eukaryotic class II PLs, with initial electron 
bifurcation into the tunneling route FET2 and 
the hopping path FET1 and their resulting QYs 
(QY2 and QY1). Clearly, the tunneling route in 
class I leads to a higher repair QY. With the 
decrease in the rates of tunneling, the hopping 
channel comes to dominate in class II PLs. Con- 
sequently, class II PLs can never reach the class I 
repair QY because the electron path at Ade~ 
also bifurcates into the repair channel to the 
CPD and the futile path back to the original 
ground state, both of which share similar hop- 
ping rates. The conserved active-site configura- 
tion and the folded flavin structure that occur 
as a result of evolution in the entire photolyase- 
cryptochrome superfamily (JJ-15, 27-30) are essen- 
tial to ensure a unified electron-transfer mechanism 
through electron path bifurcation into two oper- 
ative routes for all CPD photolyases. 
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INFLUENZA 


Role for migratory wild birds 
in the global spread of avian 


influenza H5N8 


The Global Consortium for H5N8 and Related Influenza Viruses*{ 


Avian influenza viruses affect both poultry production and public health. A subtype H5N8 (clade 
2.3.4.4) virus, following an outbreak in poultry in South Korea in January 2014, rapidly spread 
worldwide in 2014—2015. Our analysis of H5N8 viral sequences, epidemiological investigations, 
waterfowl migration, and poultry trade showed that long-distance migratory birds can play 

a major role in the global spread of avian influenza viruses. Further, we found that the 
hemagglutinin of clade 2.3.4.4 virus was remarkably promiscuous, creating reassortants 

with multiple neuraminidase subtypes. Improving our understanding of the circumpolar 
circulation of avian influenza viruses in migratory waterfowl will help to provide early warning 
of threats from avian influenza to poultry, and potentially human, health. 


n 2014, highly pathogenic avian influenza 
(HPAI) virus of the subtype H5N8 caused 
disease outbreaks in poultry in Asia, Europe, 
and North America (J-3). Avian influenza 
viruses are a threat both to global poultry 
production and to public health; they have the 
potential to cause severe disease in people and 
to adapt to transmit efficiently in human pop- 
ulations (4). This was the first time since 2005 
that a single subtype of HPAI virus had spread 
over such a large geographical area and the first 
time that a Eurasian HPAI virus had spread to 


*Corresponding author. Email: t.kuiken@erasmusme.nl {All 
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North America. The rapid global spread of HPAI 
H5N8 virus outbreaks raised the question of the 
routes by which the virus had been transmitted. 

The segment encoding for the hemagglutinin 
(HA) surface protein of the HPAI H5N8 viruses is 
a descendant of the HPAI H5N1 virus (A/Goose/ 
Guangdong/1/1996), first detected in China in 
1996 (5). Since then, HPAI H5NI1 viruses have 
become endemic in poultry populations in sev- 
eral countries. The H5 viruses have developed 
new characteristics by mutation and by reassort- 
ment with other avian influenza (AI) viruses, both 
in poultry and in wild birds. In 2005-2006, HPAI 
H5N1 spread from Asia to Europe, the Middle 
East, and Africa during the course of a few months. 
Although virus spread traditionally had been 


14 OCTOBER 2016 * VOL 354 ISSUE 6309 213 


Downloaded from http://science.sciencemag.org/ on October 16, 2016 


RESEARCH | REPORTS 


attributed to transport of infected poultry, in- 
fected poultry products, or HPAI-virus-contaminated 
materials, several observations in the 2005-2006 
epidemic suggested that wild birds also might 
have carried the virus to previously unaffected 
areas (6). 

A HPAI H5N8 virus with genes from viruses of 
the influenza A (H5N1) A/Goose/Guangdong/1/ 
1996 lineage was first detected in birds at live 
bird markets in China in 2010 (J). This HPAI 
H5NS8 virus was a reassortant virus with the HA 
gene segment from HPAI H5N1 virus and other 
gene segments from multiple other AI viruses 
circulating in eastern China (/) and is now cat- 
egorized as HPAI H5 virus clade 2.3.4.4 (7). This 
clade is unusually promiscuous and has been 
found in combination with six different neuramin- 
idase (NA) segments, and multiple H5Nx viruses 
may be circulating at the same time and in the 
same region (8, 9). The propensity of HPAI H5 
virus clade 2.3.4.4 to form novel subtypes capable 
of rapid, global spread is a major concern. 

HPAI H5N8 virus caused a large avian in- 
fluenza outbreak in poultry in South Korea in 
the winter of 2013-2014 and subsequently spread 
to Japan, North America, and Europe, causing 
outbreaks there between autumn 2014 and spring 
2015 (table S1). However, it is not clear by which 
routes HPAI H5N8 virus spread so rapidly around 
the world. Although there have been reports on 
parts of these outbreaks (J, 2, 10) and speculation 
on possible routes of transmission (3), no com- 
prehensive global analysis has yet been performed. 

The goal of this study was to analyze the 
available genetic, epidemiological, and ornitho- 
logical data for evidence of the relative contribu- 
tions from poultry trade and from wild bird 
movements (3, 6) for the global spread of clade 
2.3.4.4 during 2014-2015. For this purpose, we 
performed phylogeographic analysis of HPAI 
H5N8 viruses detected in wild birds and poultry 
from this global outbreak. In addition, we ana- 
lyzed migration patterns of wild birds found in- 
fected with HPAI H5N8 virus, epidemiological 
investigations of HPAI H5N8 virus outbreaks, 
and poultry-trade records from countries where 
HPAI H5N8 virus was reported (1). 

Initial phylogenetic analysis was performed 
using HA sequences from HPAI H5 clade 2.3.4.4 
viruses of poultry and wild birds from around 
the world between 2004 and 2015, including sub- 
types H5N1, H5N2, H5N3, H5N5, H5N6, and 
H5N8. From 2004 to 2012, clade 2.3.4.4 viruses 
were circulating predominantly in Eastern Asia 
(China), with some transmission to Southeastern 
Asia (Fig. 1 and fig. $1). During this period, trans- 
mission involving domestic anseriformes (ducks 
and geese) appears to dominate, although some 
contribution from domestic galliformes (chick- 
ens and turkeys) and short-distance migratory 
wild birds (e.g., mallard ducks) is also evident 
(Fig. 1). Unlike H5 segments from other clades, 
which are mostly found as H5N1, the HPAI H5 
segment of the clade 2.3.4.4 viruses reassorts 
frequently, acquiring NA segments from cocir- 
culating low pathogenic avian influenza (LPAI) 
subtypes, including N5 (from 2006 to 2010), N2 
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(from 2008 to 2012), N8 (from 2010), and, more 
recently, N6 (from 2013) (8). To indicate the host 
species and regions in which the reassortments are 
thought to have occurred, a reassortment measure 
was calculated using the number of branches in 
the posterior set of phylogenetic trees for which 
the NA subtype changed while the host species 
and region traits remained the same (normalized 
by branch lengths). This measure suggests that 
most of the observed reassortants were gen- 
erated in domestic anseriformes (fig. S2), and 
particularly domestic anseriformes in Eastern 
Asia (China) within the time period 2004 to 
2012 (fig. $3). 

The time to the most recent common ancestor 
(TMRCA) for the HA segment of all clade 2.3.4.4 
HPAI H5N8 sequences was estimated as June 2010 
[95% highest posterior density (HPD), January 
to October 2010]; the TMRCA for the correspond- 
ing NA segments was similar (September 2010; 
95% HPD, April to December 2010). Clade 2.3.4.4 
HA H5N8 sequences were found in two sub- 
clades (Fig. 1). The smaller and earlier subclade 
(ain Fig. 1) contained the first sequenced 2.3.4.4 
HPAI H5N8 virus [A/Duck/Jiangsu/k1203/2010 
(H5N8)]. The larger and more recent subclade 
(b in Fig. 1) contained sequences from outbreaks 
in South Korea and other countries included in 
this study and caused multiple HPAI outbreaks 
in 2014 and 2015 globally. The TMRCA of subclade 
b was September 2013 for both HA (95% HPD, 
July to November 2013) and NA (95% HPD, May 
to November 2013). Consistent with earlier findings 
(1, 10), the phylogeny indicates that HPAI H5N8 
was introduced into South Korea by long-distance 
migrant wild birds that acquired it from the pool 
of HPAI H5 viruses circulating in domestic an- 
seriformes in Eastern Asia (China), although we 


Region 
« East Asia 
* Europe 

= Japan 

= Korea 

2 


North America 
South East Asia 


formally cannot exclude the possibility that 
HPAI H5 viruses were circulating in unsampled 
locations (Fig. 1). 

Distinct, well-supported clades were identified 
in South Korea, likely originating in the trans- 
mission of HPAI H5N8 viruses from long-distance 
migrants to other wild and domestic birds (0). 
One clade (c in Fig. 1) was ancestral to the European 
outbreak and another (d in Fig. 1) was ancestral 
to the North American outbreak. Again, we cannot 
exclude the possibility that viruses from these 
subclades were present in unsampled locations. 

More detailed phylogenetic analyses, using only 
clade 2.3.4.4 H5N8 HA sequences with location 
coordinates (17), showed that the virus spread 
along two main long-distance migration routes: 
one from the east Asia coast/Korean peninsula, 
north to the Arctic coast of the Eurasian con- 
tinent, then west to Europe; and the other north 
from the Korean peninsula, then east across the 
Bering Strait, and south along the northwest 
coast of the North American continent to Canada 
and the United States (Fig. 2 and movie S1). The 
reconstruction did not indicate any spread be- 
tween Europe and North America. The TMRCA 
for European HA segments was August 2014 (95% 
HPD, July to October 2014), and September to 
October 2014 (95% HPD, August to November 2014) 
for the North American HA segments (table S2, 
a and b). Similar results were found from anal- 
ysis of the NA segments (table S2, c and d). There 
were also four separate introductions into Japan, 
the first estimated around February 2014 (ances- 
tral date of single virus A/Chicken/Kumamoto/ 
1-7/2014), and then three more, all with TMRCAs 
in October and November 2014. The sequences 
from one Japanese introduction were most closely 
related to sequences from Taiwan and those from 


Host 

d| = Dom-Ans 
* Dom-Gal 
= Wild-Long 
* Wild-Short 


| 


2005 2010 2015 2005 


2010 2015 2005 2010 2015 


Fig. 1. Maximum clade credibility (MCC) time-scaled phylogenetic tree of multisubtype HA sequences 
colored by subtype, region, and host-type traits. The clades marked a and b contain HSN8 sequences, 
and c and d contain sequences from Europe and North America, respectively. The displayed MCC tree was 
obtained from a posterior set of trees inferred using the Bayesian Evolutionary Analysis Sampling Trees 
(BEAST) program (13) with the SRDO6 nucleotide substitution model, uncorrelated relaxed clock model, 
and constant population size tree prior. The branches are colored according to the most probable ancestral 
trait, and ancestral traits were inferred by a symmetric (subtype and region) or asymmetric discrete trait 
model (host-type) upon the posterior tree set (14). Host types are Dom-Ans (red), domestic anseriform 
birds; Dom-Gal (green), domestic galliform birds; Wild-Long (blue), long-distance migratory wild birds; 
Wild-Short (purple), short-distance migratory wild birds. 
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another introduction to the Russian (A/Wigeon/ 
Sakha/1/2014) and European sequences. 

The phylogenetic data were also used to infer 
the ancestral host categories of the most recent 
common ancestor of the European and North 
American outbreak sequences, thus providing 
evidence for which host type had introduced 
the viruses into those areas (Fig. 3, figs. S4 and 
$5, and table S2). The most likely ancestral host 
category for the North American outbreak for 
both HA and NA segments was long-distance 
migrants (HA, 66%; NA, 84%). A similar result 
was obtained for Europe (HA, 66%; NA, 70%). 


30-Apr-2014 


18-Nov-2014 


Several wild bird species with known HPAI 
H5N8 sequences were long-distance migrants 
at different stages of their migratory cycle, de- 
pending on time and place found (table S3): Five 
of the nine species found in South Korea in winter 
2013-2014 were long-distance migrants at their 
wintering sites or on spring migration. Both in 
North America and Europe, two of the four species 
found in winter 2014-2015 were long-distance 
migrants at their wintering sites or on autumn 
migration (17)(tables S4 and S5 and fig. S6). 

The April 2014 HPAI H5NS8 virus outbreak in 
Japan had different characteristics from the later 
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outbreaks in North America and Europe. The 
Japan outbreak was the only one that was con- 
temporaneous with the outbreak in South Korea, 
and no wild birds were found positive for HPAI 
H5N8 virus in Japan during that outbreak. 
Qualitative analysis of data from outbreak in- 
vestigations on affected poultry farms in North 
America, Europe, and Japan (1D) (table S6) showed 
that the likelihood of virus introduction via con- 
taminated water, feed, and poultry was negligible 
(Germany). Furthermore, no links between the out- 
breaks in one country and those in other countries 
could be attributed to personnel contacts or 
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Fig. 2. Reconstruction of the transmission routes using phylogenetic data only from H5N8 HA sequences. At each time slice, the host-type and location 
coordinates on the branches of the posterior set of phylogenetic trees are inferred and plotted as a cloud of points. The host type was inferred by discrete trait 
model (as Fig. 1) (14), and the continuous location coordinates were inferred using a homogeneous Brownian motion diffusion model (15). The map projection 
used is the azimuthal equal areas projection, centered on the North Pole, which is marked with a + sign. Color key as for Fig. 1; see also movie S1. 
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Fig. 3. Posterior distributions of TMRCA of HA sequences from Europe and North America with 
H5N8 subtype only, including host-type reconstructions, based upon a posterior set of phyloge- 
netic trees generated as in Fig. 1. Color key as for Fig. 1. 


trade of live animals, feed, or products of ani- 
mal origin (Germany, Netherlands, United King- 
dom, and Hungary). Many affected poultry farms 
were located in areas where wild waterfowl are 
abundant (Germany, Netherlands, United King- 
dom, Italy, and Canada). Direct contact with in- 
fected wild birds (United States) or indirect 
contact with materials (e.g., bedding material, 
boots, and wheels of vehicles) contaminated with 
wild-bird feces was considered the most likely 
route of introduction into poultry holdings (United 
States, Germany, Netherlands, United Kingdom, 
and Italy). In some outbreaks, the source of in- 
fection was unknown or inconclusive (Japan and 
Hungary). 

We reviewed data from the Food and Agricul- 
ture Organization of the United Nations (FAO) 
(72) for 2011 to 2013 on export and import of live 
domestic ducks and chickens of affected coun- 
tries to estimate the risk of spread of HPAI virus 
from South Korea to other countries via the in- 
ternational poultry trade (table $7). Data on the 
export of live poultry from North Korea and 
Mongolia, also in East Asia, were not available 
from FAO. Although all countries (Japan, Canada, 
United States, Germany, Netherlands, United 
Kingdom, Italy, and Hungary) where HPAI H5N8 
virus emerged between November 2014 and 
February 2015 imported live chickens and live 
domestic ducks in 2013, South Korea reported 
the export of a low number of live chickens and 
no export of live domestic ducks, although un- 
reported cross-border trade cannot be excluded. 
Nevertheless, based on these data, it seems un- 
likely that international trade in live poultry 
played a major role in the long-distance spread 
of South Korean clade HPAI H5N8 virus in 
2014-2015. 

Our analysis, using four different sources of 
data, indicates that the main routes of large-scale 
geographical spread of HPAI H5N8 virus were 
most probably via long-distance flights of infected 
migratory wild birds, first in spring 2014 from 
South Korea or other unsampled locations in the 
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region to northern breeding grounds and then 
in autumn 2014 from these breeding grounds 
along migration routes to wintering sites in North 
America and Europe. 

Recognition of a likely role of wild birds in the 
spread of HPAI reinforces the need to improve 
biosecurity on poultry farms and to exclude wild 
birds from the immediate vicinity of poultry farms. 
Culling wild birds and draining or disinfecting 
wetlands would not be effective because these 
viruses disseminate on rapid time scales over 
very large distances, making reactive interven- 
tions of this kind impractical and ineffective, as 
well as contravening commitments made by sig- 
natory countries to the Convention on Migratory 
Species and the Ramsar Convention on Wetlands. 

The potential role of wild birds in the circum- 
polar circulation of influenza viruses does point to 
the need to increase our knowledge about the 
connectedness at the vast circumpolar (sub)arctic 
breeding areas between migratory waterfowl pop- 
ulations originating from different wintering areas. 
Surveillance of waterfowl at the crossroads of mi- 
gratory flyways to wintering areas in Europe, Asia, 
and North America would inform epidemiological 
risk analysis and provide early warning of spe- 
cific HPAI threats to poultry, and potentially 
human, health. 
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How economic, humanitarian, and 
religious concerns shape European 
attitudes toward asylum seekers 
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What types of asylum seekers are Europeans willing to accept? We conducted a conjoint 
experiment asking 18,000 eligible voters in 15 European countries to evaluate 180,000 profiles 
of asylum seekers that randomly varied on nine attributes. Asylum seekers who have higher 
employability, have more consistent asylum testimonies and severe vulnerabilities, and are 
Christian rather than Muslim received the greatest public support. These results suggest that 
public preferences over asylum seekers are shaped by sociotropic evaluations of their potential 
economic contributions, humanitarian concerns about the deservingness of their claims, 

and anti-Muslim bias. These preferences are similar across respondents of different ages, 
education levels, incomes, and political ideologies, as well as across the surveyed countries. This 
public consensus on what types of asylum seekers to accept has important implications for 


theory and policy. 


urope currently faces the largest refugee crisis 
since the Second World War. In 2015, Europe 
received ~1.3 million new asylum claims (J), 
and many more people are expected to flee to 
Europe as conflicts in the Middle East and 
other regions linger on. The number of migrants 
trying to reach Europe via the Mediterranean Sea 
who have been reported missing or dead totaled 
3771 in 2015 alone (2), and this number is likely to 
be higher in 2016 as asylum seekers embark on 
new and even more dangerous routes to Europe 
after the implementation of the refugee deal be- 
tween the European Union and Turkey (3). 
As more and more people flee war-torn countries 
and persecution, refugee-receiving democracies 
must confront a fundamental challenge: how to 
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honor international commitments—including treaties 
like the United Nations 1951 Refugee Convention— 
to process asylum claims and provide shelter to 
accepted refugees, while at the same time devel- 
oping asylum policies that are supported by do- 
mestic voters. 

There is considerable heterogeneity in the ex- 
posure of European countries to the asylum crisis 
(Fig. 1). Whereas some countries, like Germany 
and Sweden, process a large number of asylum 
applications per capita, others, like the United 
Kingdom and Czech Republic, share a compar- 
atively small responsibility. Yet the migrant crisis 
has been so severe that it has resulted in political 
conflict and social tensions widely across Europe, 
including extreme right-wing parties mobilizing 
citizens around asylum issues (4), frequent arson 
attacks on asylum centers (5), and the partial 
closing of Schengen borders. 

As the crisis threatens national solidarity, the 
social contract, and continental unity, European 
policy-makers face increasing public pressure 
to find policy solutions. Although public pref- 
erences may not always directly translate into pol- 
icies, a sizable political science literature has shown 
that, in democratic countries, particularly salient 


and high-profile public policies often respond 
markedly to public opinion (6-8). In the context 
of this study, a case in point is the recent “Brexit” 
referendum in the United Kingdom in which the 
public voted for the United Kingdom to exit the 
European Union, a decision that has been attri- 
buted to rising anti-immigrant backlash in the 
United Kingdom (9). And whereas public opin- 
ion is a crucial factor, a key problem for both 
academic scholars and policy-makers alike is a 
lack of knowledge as to why some native-born 
citizens oppose and others support the welcom- 
ing of particular asylum seekers. 

A large literature has examined public attitudes 
toward immigrants (JO), ethnic minorities (JJ), 
and Muslims (72, 13) in general, but far fewer 
studies have looked at attitudes toward asylum 
seekers (14-21). The latter studies have provided 
important insights into the correlates of anti- 
asylum seeker sentiment, but either they are limited 
to particular countries or they rely on observational 
data from standard survey questions that ask about 
asylum seekers in general and do not use exper- 
iments to differentiate between different types of 
asylum seekers (22). Furthermore, they have most- 
ly been conducted before the current asylum crisis. 
There still exists very little systematic and experi- 
mental evidence to inform the heated ongoing 
political debates over asylum policies with the 
voice of European voters. In particular, we lack a 
comprehensive assessment that captures which 
particular types of asylum seekers the European 
public is willing to accept given the current crisis. 

To provide such an assessment, we designed a 
conjoint experiment and embedded it in a large- 
scale online public opinion survey that we fielded 
in 15 European countries (23). We used entropy 
balancing (24) to reweight our sample data to 
match the demographic margins from the pop- 
ulations of each country. Details about the sam- 
ple, design, and statistical analysis can be found in 
the supplementary materials (SM) (25). All analy- 
ses, except otherwise noted, were prespecified in 
a preregistered analysis plan made available at 
the Political Science Registered Studies Dataverse 
(http://dx.doi.org/10.7910/DVN/YUNKUL). 

Conjoint experiments ask subjects to evaluate 
hypothetical profiles with multiple, randomly va- 
ried attributes and are widely used in marketing 
and, increasingly, in other social science fields to 
measure preferences and the relative importance 
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of structural determinants of multi- 
dimensional decision-making (26, 27). 
Specifically, we used a conjoint exper- 
iment to ask 18,000 European eligi- 
ble voters to evaluate 180,000 profiles 
of asylum seekers that randomly var- 
ied on nine attributes that asylum 
experts and the previous literature 
have identified as potentially im- 
portant (table S1 and fig. S1) (28). 
This design allows us to test which 
specific attributes generate public 
support for or opposition to allow- 
ing asylum seekers to stay in the 
host country and how this willing- 
ness varies across different groups 
of eligible voters, countries, and types 
of asylum seekers. 

The effects of the asylum-seeker 
attributes on the probability of ac- 
ceptance pooling across all respon- 
dents (model 1 in table S9) are plotted 
in Fig. 2 (29). The results demon- 
strate that European voters do not 
treat all asylum seekers equally. 
Instead, the willingness to accept 
asylum seekers varies strongly with 
the specific characteristics of the 
claimant. In particular, preferences 
over asylum seekers appear to be 
structured by three main factors: 
economic considerations, humani- 
tarian concerns, and anti-Muslim 
sentiment. 

Asylum seekers who previously worked in 
higher-skill occupations—such as doctors, teach- 
ers, and accountants—are about 13 percentage 
points, 9 percentage points, and 8 percentage 
points, respectively, more likely to be accepted 
compared with asylum seekers who have been 
previously unemployed. We find a similar but 
smaller premium of about 5 to 6 percentage points, 
respectively, for asylum seekers who worked in 
lower-skill occupations, such as farmers or clean- 
ers, compared with those who were unemployed. 
Respondents also attach high importance to lan- 
guage skills, such that asylum seekers are about 
12 percentage points less likely to be accepted 
when they do not speak the host-country language 
than when they speak it fluently. Those who have 
limited host-country language proficiency face a 
penalty of 6 percentage points. Moreover, asylum 
seekers who are close to retirement age (62 years) 
are about 6 percentage points less likely to be ac- 
cepted than young applicants (21 years). Overall, 
these results suggest that evaluations of the ex- 
pected economic contribution or potential eco- 
nomic burden of asylum seekers play an important 
role in structuring asylum preferences. 

Asylum seekers who apply because of fear of 
political, religious, or ethnic persecution are about 
15 percentage points more likely to be accepted 
compared with those who migrate to seek better 
economic opportunities. Asylum seekers are also 
about 11 percentage points less likely to be ac- 
cepted when they have major inconsistencies in 
their asylum testimony, compared with when they 
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Fig. 1. Asylum applications per 1000 people from the local population, 
2015. There is great heterogeneity in the number of asylum applications 
per capita in 2015 across the surveyed countries: Austria, Czech Republic, 
Denmark, France, Germany, Greece, Hungary, Italy, Netherlands, Norway, Poland, 
Spain, Sweden, Switzerland, and United Kingdom. [Data sources (42, 43)] 


have no inconsistencies. Moreover, those who 
have been the victim of torture are about 11 per- 
centage points more likely to be accepted than are 
those with no special vulnerabilities. Taken to- 
gether, these results suggest that public prefer- 
ences are also highly sensitive to humanitarian 
concerns about the deservingness and legitimacy 
of the asylum request, as well as the severity of 
the claimants’ vulnerabilities. Moreover, the pub- 
lic is opposed to admitting asylum seekers whose 
principal motivation is to seek better economic 
opportunities and who therefore might be regarded 
as economic migrants who do not meet the legal 
definition of refugee status according to the 1951 
Refugee Convention. 

We also find that religion matters: Muslim 
asylum seekers are about 11 percentage points 
less likely to be accepted than otherwise similar 
Christian asylum seekers. This penalty is sizable 
and larger than the penalty applied to unemployed 
asylum seekers versus teachers. Moreover, the fact 
that Christian asylum seekers are only slightly pre- 
ferred over agnostic asylum seekers suggests that 
the penalty mostly reflects a strong anti-Muslim 
bias, rather than a pro-Christian bias. As we show 
later, this penalty is not uniform across respon- 
dents but rather doubles in size for respondents 
who place themselves on the right of the political 
spectrum compared with those on the left. These 
results suggest that anti-Muslim sentiment is a third 
important factor that structures asylum preferences. 

Last, once the other attributes are controlled 
for, the country of origin of an asylum seeker plays 


only a minor role in generating sup- 
port. Asylum seekers from Kosovo 
are least likely to be accepted, those 
from Syria and the Ukraine are most 
likely to be accepted, and those from 
Afghanistan, Iraq, Pakistan, and 
Eritrea fall in between. However, the 
differences are small in substantive 
terms; the maximum difference is 
only 4 percentage points between the 
most and least popular origin. 

Do the effects of the attributes 
vary across different types of asylum 
seekers? For instance, based on psycho- 
logical research on decision-making 
under conditions of uncertainty (30), 
we might expect that respondents rely 
more on their biases when evaluating 
profiles where the legitimacy of the 
claim is ambiguous. This suggests an 
interaction such that the anti-Muslim 
bias would be strongest when the ap- 
plicant’s asylum testimony has minor 
inconsistencies, rather than no incon- 
sistencies or major inconsistencies. 
However, we find no substantively 
meaningful first-order interactions 
among any of the conjoint attributes; 
the lack of interaction suggests that 
the economic, humanitarian, and reli- 
gious concerns are powerful deter- 
minants of attitudes toward asylum 
seekers across all types of profiles (figs. 
$22 to S48 and tables $32 to S61) (37). 

How do asylum preferences vary across differ- 
ent types of voters? In order to test for interactions 
between respondent characteristics and the effects 
of the asylum-seeker attributes, we stratify the main 
analysis by voters’ political ideology, age, education, 
and income (Fig. 3). Overall, we find that the effects 
of the attributes are broadly similar across the dif- 
ferent subgroups; this suggests that there is a gen- 
eral consensus—among left- and right-wing, young 
and old, less and more highly educated, and richer 
and poorer voters—on which asylum seekers are 
preferred (table S10). Additional analyses using more 
fine-grained subgroups yield similarly homogenous 
results (figs. S5 to S10 and tables S15 to S20). 

This effect homogeneity across subgroups also 
suggests that the concerns about employability 
are caused by sociotropic economic evaluations, 
meaning that respondents are concerned about 
the economic impact on the host country as a 
whole. This is in contrast to egocentric economic 
concerns, which pertain to the impact on the 
respondents’ personal economic situation. If eval- 
uations were shaped by egocentric concerns, we 
would have expected that preferences vary con- 
siderably given that different types of asylum 
seekers will differently affect a respondent’s per- 
sonal economic situation. For example, highly 
educated respondents should be more concerned 
about job competition from highly skilled asylum 
seekers, and less-educated respondents should be 
more concerned about competition from low- 
skilled asylum seekers. Similarly, given progres- 
sive tax systems, richer respondents should be 
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Fig. 2. Effects of asylum-seeker attributes on the probability that respondents accept the asylum 


seeker. Dots with horizontal lines indicate point est 


imates with cluster-robust 95% confidence intervals 


(Cl) from linear (weighted) least squares regression. The unfilled dots on the zero line denote the reference 


category for each asylum-seeker attribute. Table S9 


more concerned about the welfare burden im- 
posed by unemployed asylum seekers than poorer 
respondents. 

There is, however, a notable exception to this 
effect homogeneity: The top left two panels of 
Fig. 3 show that respondents on the left exhibit 
stronger humanitarian concerns and weaker anti- 
Muslim bias than voters on the right. First, the 
premium for asylum seekers with special vulner- 
abilities (e.g., victims of torture) and penalty for 
asylum seekers who migrated in search of eco- 
nomic opportunities are both larger among voters 
on the left than among those on the right. For 
instance, among voters on the right, economi- 
cally motivated asylum seekers are about 13 per- 
centage points less likely to be accepted than 
those who migrated for fear of political persecu- 
tion. In contrast, this effect is 19 percentage 
points for voters on the left (the difference in 
effects between the left and the right is signifi- 
cant at P < 0.0001). This suggests that, although 
humanitarian concerns are shared among the left 
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model 1) displays the underlying regression results. 


and the right, those concerns play a somewhat 
stronger role in structuring attitudes toward asy- 
lum seekers for the left. Second, although the 
anti-Muslim bias exists among both left- and 
right-wing voters, the bias is about twice as large 
in the latter group (14 versus 7 percentage points, 
a difference that is significant at P < 0.0001). A 
more fine-grained analysis (figs. S3 and S4 and 
tables S13 and S14) shows that the anti-Muslim 
bias increases roughly monotonically moving from 
the left to the right of the ideological spectrum 
(32). Further analysis also shows that anti-Muslim 
sentiment is virtually constant across respon- 
dents with different levels of empathy (fig. S11 and 
table S21). This suggests that the responses are 
unlikely to be driven by social desirability bias, 
given the correlation between empathy and 
social desirability scales found in psychology 
research (33, 34). 

The 15 surveyed countries exhibit major differ- 
ences with regard to several potentially relevant 
factors for shaping domestic asylum preferences, 


such as the number of immigrants, the number 
of asylum applications per capita (compare Fig. 
1), the existence of a European Union external 
border, the generosity of their welfare states, their 
economic strength and levels of unemployment, 
and other general political and economic charac- 
teristics that have an impact on the number of 
asylum seekers they can integrate. Despite these 
differences, the asylum preferences follow a sim- 
ilar pattern across the 15 surveyed countries (fig. 
$2). The partial exceptions include that the mag- 
nitude of the anti-Muslim bias varies somewhat, 
and the penalty against asylum seekers who mi- 
grate for economic reasons is somewhat smaller 
in poorer countries (e.g., Czech Republic, Greece, 
Hungary, and Poland) compared with richer coun- 
tries (e.g., Austria, Denmark, Germany, Netherlands, 
Norway, Sweden, and Switzerland). 

This consensus on what types of asylum seekers 
are preferred also has cross-country implications 
for the average number of asylum seekers accepted, 
based on a dichotomized version of a rating var- 
iable that distinguishes between accepted and 
rejected profiles (table S2). The percentage of 
asylum seekers accepted by country is shown in 
Fig. 4. In most countries, the fraction of accepted 
asylum-seeker profiles is close to the average of 
45% accepted in the pooled European sample 
(35). This suggests that, despite the major differ- 
ences between the countries, there is a consider- 
able consensus in terms of not only the types but 
also the overall number of asylum seekers that 
should be admitted. Furthermore, only a small 
percentage of respondents—9% overall and less 
than 14% in every country—categorically rejected 
all 10 of their asylum-seeker profiles (table S8 
and fig. S49). 

This study examined the impact of different 
asylum-seeker attributes on generating public 
support for granting asylum. We conducted a 
large-scale conjoint experiment and asked 18,000 
voters in 15 European countries to evaluate profiles 
of asylum seekers that randomly varied on mul- 
tiple attributes. We find that asylum seekers have 
a higher probability of being accepted when they 
are more employable and skilled, have special 
vulnerabilities, have more consistent asylum claims, 
and are Christian rather than Muslim. Furthermore, 
these effects are strikingly similar across sociodemo- 
graphic subgroups and countries. Additional analy- 
sis reported in the SM also reveals that all the 
findings are similar regardless of whether we use 
a rating or choice outcome (table S2) to evaluate 
the asylum-seeker profiles (figs. S16 to S21 and 
tables S9 and S26 to S31). Finally, the results are 
similar across all five evaluation tasks asked of 
each respondent and when comparing respon- 
dents above and below the median time of sur- 
vey completion (this test was not prespecified); 
this suggests that the results are not diluted by 
survey fatigue (figs. S14 and S15 and tables S24 
and $25). 

Although the experimental design of our study 
(i.e., the randomization of attributes) ensures its 
internal validity, as with all survey studies, there 
are potential external validity issues. However, 
four factors help to alleviate concerns about the 
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Fig. 3. Effects of asylum-seeker attributes on the probability of accepting the asylum seeker across subgroups of respondents. The effects of the 
various asylum-seeker attributes are similar across different sociodemographic subgroups, stratified by ideology (top left, green), age (top right, blue), education 
(bottom left, orange), and income (bottom right, red). Dots with horizontal lines indicate point estimates with cluster-robust 95% Cl from linear (weighted) least 
squares regression. The unfilled dots on the zero line denote the reference category for each asylum-seeker attribute. The test for education and income was not 
specified in the preanalysis plan. The underlying regression results are displayed in table S10, and how the subset variables were coded is described in table S3. 
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Fig. 4. Percentage of accepted asylum-seeker profiles by country. The percentage of accepted 
asylum-seeker profiles is similar across countries. Corresponding 95% Cl are also shown. 


external validity of our study. First, the one ex- 
ternal validation test that we are aware of has 
shown that the paired conjoint design we used 
can achieve high external validity in reducing 
social desirability bias and replicating real-world 
voting behavior (36). Second, the number of pro- 
files that each respondent accepted in their con- 
joint tasks, based on their ratings of the profiles, 
is highly correlated with respondents’ general 
attitudes toward asylum seekers as measured by 
an additional question in our survey that asked 
respondents whether they want to decrease or 
increase the number of people granted asylum in 
their country (37). This suggests that respon- 
dents’ judgments of individual cases are closely 
linked to their support for broader asylum policies. 
Third, given the homogeneity of the results across 
the countries and subgroups of respondents, it is 
unlikely that our results would have been substan- 
tially different had our sample contained different 
distributions on age, gender, education, or income— 
and in fact, the results are similar if we do not 
use reweighting for the analysis (table S9). Fourth, 
as already noted, the vast majority of respondents 
in all surveyed countries neither categorically 
rejected nor categorically accepted all of their 
asylum-seeker profiles. These results suggest that 
our findings on how voters condition their sup- 
port on the basis of specific asylum-seeker at- 
tributes has broadly meaningful implications for 
European public attitudes toward asylum seekers 
rather than being applicable only on the margins. 

These findings have important implications 
for our theoretical understanding of public opi- 
nion on asylum seekers and migrants more gen- 
erally. Mirroring the findings from research on 
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the drivers of general anti-immigrant sentiment, 
we find strong evidence that sociotropic eco- 
nomic evaluations are shaping attitudes toward 
asylum seekers. In addition, we also find that 
humanitarian concerns with regard to asylum 
seekers’ deservingness and vulnerability play a 
major role. Given that the sizable literature on 
immigration attitudes has largely ignored human- 
itarian concerns as a central explanatory factor 
(38), our results suggest that humanitarian con- 
cerns might be particularly important for struc- 
turing attitudes toward asylum seekers. Moreover, 
the finding of general agreement across different 
subsets of the population on which asylum seekers 
should be admitted echoes a similar consensus 
identified in previous research on American at- 
titudes toward immigrants more broadly (39). 
However, to the extent that the respondents on 
the left exhibit a weaker anti-Muslim bias and 
place stronger emphasis on humanitarian con- 
siderations, our analysis also discovers new he- 
terogeneity in attitudes toward migrants across 
the left-right ideological spectrum. 

Our study also has important implications for 
policy. We find mixed evidence on the extent to 
which public preferences reflect the requirements 
of international law. It is important to note that 
all 15 countries included in the study are signa- 
tories to the 1951 Refugee Convention. This United 
Nations treaty commits its parties to granting 
asylum to persons with legitimate claims, which 
include asylum seekers who face political, religious, 
or ethnic persecution in their home countries. In 
light of these obligations, the results of our study 
can be interpreted in two ways. On the one hand, 
the results suggest that European policy-makers 


are confronted with a disjuncture between public 
opinion and international legal norms (40, 41). 
The fact that our respondents exhibit anti-Muslim 
bias and a preference for higher employability, 
even when evaluating legally legitimate asylum 
seekers who face persecution, is at odds with the 
legal requirements that asylum not be given on 
the basis of religion or professional skills. On the 
other hand, the results reveal that humanitarian 
concerns have a pronounced effect, such that asy- 
lum seekers who face persecution, have consistent 
asylum testimonies, and have special vulnerabil- 
ities are substantially more likely to be accepted. 
Most important, these preferences are widely 
shared across countries and apply across all types 
of asylum seekers, regardless of their religion 
and employability. This suggests that the public 
has partially internalized the central pillars of 
international refugee law. 

The results also inform the ongoing debate 
over how to resolve the current refugee crisis. In 
particular, they illuminate both challenges and 
opportunities for policy-makers who are struggling 
to meet their legal responsibilities to protect re- 
fugees while simultaneously respecting the pub- 
lic will on this salient and divisive issue. The public’s 
strong anti-Muslim bias and preference for highly 
skilled asylum seekers who can speak the language 
of the host country points to a mounting chal- 
lenge for solving the current crisis and success- 
fully integrating asylum seekers, given that most 
asylum seekers currently originate from Muslim- 
majority countries and may lack the desired pro- 
fessional and language skills. Yet at the same 
time, the fact that the European public shares 
common humanitarian and sociotropic concerns 
suggests a clear narrative to increase support for 
accepting refugees. If the goal is to alleviate the 
social tensions of the current refugee crisis and 
generate more public acceptance of asylum seekers, 
European policy-makers have an opportunity to 
highlight refugees’ deservingness and vulnera- 
bility, as well as their economic contributions to 
their host societies. 
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MICROBIAL PHYSIOLOGY 


Methane production from coal by a 


single methanogen 


Daisuke Mayumi,’* Hanako Mochimaru,’* Hideyuki Tamaki,?* Kyosuke Yamamoto,” 
Hideyoshi Yoshioka,’ Yuichiro Suzuki,’ Yoichi Kamagata,”{+ Susumu Sakata" 


Coal-bed methane is one of the largest unconventional natural gas resources. Although 
microbial activity may greatly contribute to coal-bed methane formation, it is unclear whether 
the complex aromatic organic compounds present in coal can be used for methanogenesis. 
We show that deep subsurface—derived Methermicoccus methanogens can produce methane 
from more than 30 types of methoxylated aromatic compounds (MACs) as well as from coals 
containing MACs. In contrast to known methanogenesis pathways involving one- and 
two-carbon compounds, this “methoxydotrophic” mode of methanogenesis couples 
O-demethylation, COz reduction, and possibly acetyl-coenzyme A metabolism. Because 
MACs derived from lignin may occur widely in subsurface sediments, methoxydotrophic 
methanogenesis would play an important role in the formation of natural gas not limited 

to coal-bed methane and in the global carbon cycle. 


oal-bed methane (CBM), a form of natural 

gas distributed in coal seams or adjacent 

sandstones, is a relatively untapped energy 

source with a large potential: The global 

reserves in 2014 were estimated at 50 
trillion m?, equivalent to 11% of conventional 
natural gas resources (7). Large-scale CBM pro- 
duction has been implemented in the United 
States, Canada, Australia, and other countries 
worldwide. The contribution of biogenic methane 
to CBM is quite large (2, 3); geochemical studies 
have estimated that 40% of CBM produced in the 
United States is of microbial origin (4). Live mi- 
crobial communities are present in coal seams 
and are associated with methanogenesis from 
coal in subsurface environments (5-10). Geomicro- 
biological studies have shown that enhanced CBM 
production in coal seams might be achieved by 
the stimulation of methanogenic activity (77). Al- 
though extensive efforts have been made to de- 


‘Institute for Geo-Resources and Environment, Geological 
Survey of Japan, National Institute of Advanced Industrial 
Science and Technology (AIST), 1-1-1 Higashi, Tsukuba 305- 
8567, Japan. “Bioproduction Research Institute, AIST, 1-1-1 
Higashi, Tsukuba 305-8566, Japan. 

*These authors contributed equally to this work. {Corresponding 
author. Email: y.kamagata@aist.go.jp (Y.K.); su-sakata@aist.go. 
ip (S.S.) 


velop this technology, very little is known about 
what components of coal can be used for meth- 
anogenesis and which microorganisms possess 
the metabolic capabilities to do so. 

Coal is an extremely complex and heterogeneous 
material whose structure consists of single and 
condensed aromatic rings (72, 13). Aromatic com- 
pounds in coal are derived from lignin mono- 
lignols and are often substituted with hydroxyl, 
methoxy, and carboxyl groups (14, 15). Methoxy 
groups are especially abundant and common in 
immature coal (/4, 16). Because methanogenesis 
from coal tends to occur in immature coal 
rather than in mature coal (4, 7), coal-bed micro- 
organisms may produce methane from methoxy 
groups. Methanogenic microorganisms in CBM 
fields are commonly dominated by methylotrophic 
methanogens belonging to the archaeal order 
Methanosarcinales (5, 18, 19). The methylotrophic 
methanogens are capable of using methyl com- 
pounds such as methanol, methylamines, and/or 
dimethylsulfide (20), but it is unclear whether 
they can directly use methoxylated aromatic com- 
pounds (MACs) as substrates. 

To investigate the possibility of MACs as sub- 
strates for methylotrophic methanogens, we tested 
the methane production ability of one archaeal 
isolate (Methermicoccus shengliensis strain AmaM) 
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Fig. 1. Methoxydotrophic methanogenesis from various MACs. (A) Methanogenesis from seven types of MACs by 10 type strains and one isolate belonging to 
the order Methanosarcinales. Each MAC was supplied with methoxy groups to a final concentration of 30 mM. Methane produced was measured after incubation for 
9 months. Data are means of three individual incubations; error bars represent SD of these triplicates. (B) Substrate ranges of Methermicoccus shengliensis 
strains AmaM and ZC-1 for 40 types of MACs; an asterisk designates MACs analyzed for the media with coal samples. For each substrate, the average amount 
of methane produced (n = 3) is expressed by one of four ranges. Detailed methane production data are shown in table S1. 
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obtained from a high-temperature deep subsurface 
oil reservoir in this study (fig. SI, and of 10 type 
strains belonging to the genera Methanosarcina, 
Methanolobus, Methanohalophilus, Methanosaeta, 
Methanomicrococcus, Methanococcoides, Methano- 
halobium, Methanosalsum, Methanomethylovorans, 
and Methermicoccus (i.e., M. shengliensis strain 
ZC-1) (21) in the order Methanosarcinales using 
seven types of MACs (2-methoxy-benzoate, 3- 
methoxy-benzoate, 4-methoxy-benzoate, 3,4,5- 
trimethoxy-benzoate, 3,4,5-trimethoxy-cinnamate, 
1,2,3-trimethoxy-benzene, and 3,4,5-trimethoxy- 
benzylalcohol) as substrates. We only observed 
substantial methane production in the incuba- 
tion of Methermicoccus shengliensis strains AmaM 
and ZC-1 with seven and six types of MACs, 
respectively (Fig. 1A). To investigate their sub- 
strate ranges, we incubated the strains AmaM 
and ZC-1 with 40 commercially available MACs. 
The results showed that the strains AmaM and 
ZC-1 used 35 and 34: types of MACs, respectively 
(Fig. 1B and table S1). 

To confirm whether these “methoxydotrophic 
methanogens” could produce methane from coal, 
we incubated M. shengliensis AmaM with coals of 
different maturity levels: lignite (most immature) 
and subbituminous and bituminous (most mature) 
coals (fig. S2). A small but substantial amount of 
methane (7.5 to 10.8 umol/g-coal) was produced 
in all of the three lignites (L-A, L-B, and L-C) and 
even in the subbituminous coal S-A and the bi- 
tuminous coal B-A (Fig. 2A). M. shengliensis AmaM 
used MACs, methanol, and methylamines as sub- 
strates for methanogenesis (Fig. 1 and fig. S1), 
which suggests that coal may have provided some 
of these substrates. We analyzed growth media 
with coal before incubation for the 26 types of 
MACs usable for M. shengliensis AmaM (marked 
with asterisks in Fig. 1B) by gas chromatography- 
mass spectrometry (GC-MS). We detected either 
two or three types of methoxylated benzoates in 
each medium from which methane production 
was observed (Fig. 2B). The total concentrations 
of methanol and methylamines as well as of MACs 
detected in the media were too low to account for 
the concentrations of methane produced in the 
coal cultures alone (Fig. 2); for example, in bitu- 
minous coal culture B-A, 0.09 umol/g-coal of MACs 
was detected but 9.39 mol/g-coal of methane was 
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Fig. 3. Methanogenesis from 2-methoxy-benzoate 
by Methermicoccus shengliensis AmaM. A\l symbols 
represent means of three individual incubations; error 
bars represent SD of these triplicates. 
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produced. This result suggests that M. shengliensis 
AmaM produced methane from undetectable MACs 
dissolved in the media as well as those chemically 
or physically bound to the coal surface. This was 
supported by the ability of M. shengliensis AmaM 
to use a wide variety of MACs (>30 types of MACs) 
for methanogenesis (Fig. 1B). 

If methoxydotrophic methanogenesis proceeds 
in analogy to methylotrophic methanogenesis, it 
is expected from stoichiometry that 34 mol of 
methane is produced from 1 mol of the methoxy 
group (4Ar-OCH; + 2H,O — 4Ar-OH + 3CH, + COs, 
where Ar denotes any aromatic group). During incu- 
bation with 2-methoxy-benzoate, M. shengliensis 
AmaM produced methane and 2-hydroxy-benzoate 
with a decrease in 2-methoxy-benzoate (Fig. 3). The 
2-hydroxy-benzoate produced was nearly equivalent 
to the 2-methoxy-benzoate consumed, which sug- 
gests that M. shengliensis AmaM produced meth- 
ane via O-demethylation of the methoxy group. 

We conducted stable isotope tracer experiments 
to elucidate the mode of metabolism in the meth- 
oxydotrophic methanogenesis. In the incubation 
of M. shengliensis AmaM with 2-['°C]methoxy- 
benzoate, the °C contents of methane increased 
with increasing contents of °C at the methoxy 
group (Fig. 4A), indicating that the methoxy car- 
bon was incorporated into methane. However, 
the incorporation efficiency from the methoxy 
group to methane, estimated as the slope of the 
regression line between the °C contents of methane 
and the methoxy group, was 63.6% (Fig. 4A). By 
contrast, in the incubation with ['’C]methanol, 
we estimated that nearly all (96.4%) of the meth- 
ane carbon came from the substrate methanol. 
This implies that additional carbon (other than 
methoxy carbon) is incorporated into methane 
during MACs-driven methanogenesis. 

To identify this additional carbon, we evaluated 
whether CO, was incorporated into methane via 
CO, reduction. We incubated M. shengliensis 
AmaM with 2-methoxy-benzoate or methanol in 
the medium amended with ['’C]bicarbonate. 
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Although the “C contents of methane increased 
only slightly in the presence of methanol, those 
of methane in the presence of 2-methoxy-benzoate 
increased far more substantially (Fig. 4B), in- 
dicating that CO, is also incorporated into methane 
via CO. reduction in methoxydotrophic methano- 
genesis. The incorporation efficiency from CO, 
into methane, estimated as the slope of the re- 
gression line (Fig. 4B), was 29.6%. Considering 
that the incorporation efficiency from the methoxy 
group to methane is 63.6% (Fig. 4A), approxi- 
mately one-third of methane carbon is derived 
from CO, and two-thirds of methane carbon 
from the methoxy group. In the incubation of 
M. shengliensis AmaM with a variety of coals in 
the presence of ['°C]bicarbonate, we observed 
the production of highly “C-enriched methane, 
which indicates that methane produced from 
coal was mostly derived from MACs (fig. S3). 

Further tracer experiments incubating M. 
shengliensis AmaM with 2-methoxy-benzoate 
in the medium amended with [2-“C]acetate re- 
vealed a small but substantial incorporation of 
the acetate methyl carbon into methane (fig. S4). 
The acetate concentration in the medium did not 
change during growth, implying no intentional 
uptake of extracellular acetate through acetoclastic 
methanogenesis. We therefore infer that acetyl- 
coenzyme A (CoA) could be a catabolic intermediate 
in the methoxydotrophic methanogenesis. M. 
shengliensis AmaM genes encode acetyl-CoA syn- 
thesis, acetyl-CoA oxidation, and CO.-reducing 
methanogenesis, but its genome lacks known 
acetogen-associated genes for O-demethylation 
of the methoxy group (e.g., Mtv system) (22, 23) 
and electron transport systems (e.g., Rnf, com- 
plete Fpo complex, etc.) (20) necessary for con- 
ventional methanogenesis (table S2). Although 
details of the metabolic pathway in the meth- 
oxydotrophic methanogenesis remain elusive, all 
the results indicate that the mode of metabolism 
is clearly different from the conventional meth- 
ylotrophic methanogenesis. 
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(R? = 0.99) 
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Fig. 4. Stable isotope tracer experiments to elucidate the mode of metabolism in methoxydotrophic 
methanogenesis. (A) Carbon isotopic relationship between methane produced by M. shengliensis AmaM 
and either methanol or the methoxy group of 2-methoxy-benzoate added to the media. The slopes of the 
regression lines show the efficiency of carbon incorporation from each substrate into methane. (B) Carbon 
isotopic relationship between methane produced from either methanol or 2-methoxy-benzoate and carbon 
dioxide. The slopes of the regression lines show the efficiency of carbon incorporation from carbon dioxide into 
methane. Each symbol represents one of three individual incubations. 
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Our finding that MACs serve as a direct sub- 
strate for methanogens may not be limited to 
coal-bed environments. In the deep subsurface, 
MACs are contained in sedimentary organic 
matter derived from lignin in higher plants, namely 
kerogen, with quantitative variation depending 
on the maturity (24). In fact, alkyl-methoxy- 
phenols with a short C,-C; chain have been de- 
tected in the pyrolysates of immature kerogen 
extracted from a Cretaceous (Cenomanian) black 
shale (25). Kerogen is ubiquitous in sediments 
and accounts for most of the organic matter in 
subsurface environments (26). Microorganisms 
from the genus Methermicoccus and related clones 
have often been detected in deep subsurface en- 
vironments worldwide (fig. S5). Methoxydotrophic 
methanogenesis may therefore play an important 
role in the biogeochemical carbon cycle in Earth as 
well as in the formation of biogenic gas, which 
accounts for more than 20% of natural gas re- 
sources, including CBM (27). 
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GLOBAL CLIMATE CHANGE 


Impact ejecta at the 
Paleocene-Eocene boundary 


Morgan F. Schaller,’* Megan K. Fung,’ James D. Wright,” 


Miriam E. Katz,’ Dennis V. Kent”? 


Extraterrestrial impacts have left a substantial imprint on the climate and evolutionary history of 
Earth. A rapid carbon cycle perturbation and global warming event about 56 million years 

ago at the Paleocene-Eocene (P-E) boundary (the Paleocene-Eocene Thermal Maximum) was 
accompanied by rapid expansions of mammals and terrestrial plants and extinctions of deep-sea 
benthic organisms. Here, we report the discovery of silicate glass spherules in a discrete 
stratigraphic layer from three marine P-E boundary sections on the Atlantic margin. Distinct 
characteristics identify the spherules as microtektites and microkrystites, indicating that an 
extraterrestrial impact occurred during the carbon isotope excursion at the P-E boundary. 


jecta from known impact strewn fields have 

common features that provide useful crite- 

ria for identifying previously undiscovered 

impact ejecta in the geologic record. An ejec- 

ta deposit typically results from an air-fall 
event and occurs in a discrete stratigraphic layer. 
If spherules are present, they generally are glasses 
(microtektites) and may contain crystallites (micro- 
krystites), both of which have characteristic mor- 
phologies and may be either solidified melt ejecta 
or vapor condensates (1-3). Microkrystites show 
distinct internal crystallite textures that indicate 
rapid quenching from high temperature and, if 
they formed as a vapor condensate, they can be 
enriched in projectile material (3). Microtektites 
that form as melt droplets solidify at slightly lower 
temperatures and are more likely to be vesicular; 
they may contain inclusions of high-temperature 
components such as lechatelierite, a quartz 
glass that solidifies above 1750°C (4, 5). Shock- 
metamorphosed grains can be associated with 
microtektites but are not uniformly distributed 
throughout a strewn field. For example, the pres- 
ence and abundance of shocked grains is spatial- 
ly heterogeneous in the widespread Australasian 
strewn field [for which an impact crater has yet 
to be identified, despite being the largest and youn- 
gest Cenozoic tektite event at 0.8 million years ago 
(Ma)]. The Ivory Coast strewn field (next youngest 
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at 1.1 Ma) that emanated from Bosumtwi crater 
contains (micro)tektites but no shocked mineral 
grains [see (6) for review]. 

We examined three marine Paleocene-Eocene 
(P-E) boundary sections that encompass the on- 
set of the carbon isotope excursion (CIE) that 
defines the P-E boundary (7) (Fig. 1): continental 
shelf sites Wilson Lake B (39.6598°N, 75.0472W°) 
and Millville [Ocean Drilling Program (ODP) Leg 
174AX; 39.4046°N, 75.0889°W] (8), where the on- 
set of the CIE coincides with the base of the thick 
Marlboro Clay unit of the Salisbury Embayment, 
and pelagic sediments at ODP Hole 1051B at Blake 
Nose (30.0531°N, 76.3578°W, water depth 1980.6 m) 
(9). To constrain the stratigraphic level of the CIE 
onset, we use detailed bulk sediment carbonate 
isotope records from Wilson Lake B and Millville 
(10) and Hole 1051B (71). We also report preliminary 
data from an exposure of the Marlboro Clay near 
Medford, New Jersey, to eliminate the possibility 
of spurious drilling-induced contamination as the 
source for the spherules [see (72)]. 

At the Wilson Lake B and Millville shelf lo- 
calities, as well as Hole 1051B, peak spherule 
abundance occurs close to the P-E boundary as 
constrained by the 5"C decrease in bulk sediment 
(Fig. 1). Spherules are found over a ~20-cm inter- 
val in each case, with the number of spherules 
increasing sharply up-section from zero below 
to a peak at or close to the P-E boundary. Max- 
imum abundances in the >63-um size fraction 
are between 2.5 and 3 spherules per g at Wilson 
Lake B and Millville and 4 spherules per g at Hole 
1051B, followed by a gradual decline in abundance 
to zero over ~10 cm. At Wilson Lake B and Millville, 
the peak spherule abundance coincides with the 
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basal contact of the Marlboro Clay, which is 
gradational with some reworking of the under- 
lying Vincentown Formation facies. 

These abundances are similar to impact spherule 
abundances in distal ejecta layers linked to other 
extraterrestrial impact events, such as the Late 
Eocene clinopyroxene (cpx)-bearing spherule 
layer associated with the Popigai impact crater 
(13-15). Late Eocene cpx spherules that are found 
in ODP Site 738 in the southern Indian Ocean 
[~2 spherules per g (>150 um)], in ODP Site 689 
in the Southern Ocean (~5 to 6 spherules per g 
(>63 um) [see (13) for review], and at Massignano, 
Italy [~4 spherules per g (>150 um) (J6)] show 
concentrations similar to ours. 

The glassy spherules from Wilson Lake B and 
Millville range from 65 to 500 um in diameter 
(average 302 um), whereas those at Hole 1051B 
average 274 um in diameter. They have generally 
spherical and rotational morphologies, as well as 
other characteristics of splash-form microtektites 
(1, 17) (Fig. 2), and are occasionally colorless, trans- 
lucent green, or dark-brown/black. The spherules 
often have surface pits (Fig. 2, A and C) and in 
some cases microcraters (Fig. 2G and fig. S7), in- 
dicating relative velocities high enough to frac- 
ture the spherules on impact with one another 
or other objects after solidification. Such micro- 
craters would be an unexpected feature of volcanic 
spherules. There are also occasional dumbbell 
forms and smaller spherules accreted to larger 
ones (Fig. 2F), often of different chemical compo- 
sition (Fig. 3E), suggesting that they were sintered 
to one another in a molten form and quenched 


Fig. 1. Stratigraphic distribution of P-E 
spherules. (A to C) Stratigraphic distribution 
of P-E spherules from Millville (A), Wilson 
Lake B (B), and ODP Hole 1051B (C). Millville 
and Wilson Lake B core depths are in drilling 
units (du) of decimal feet; core depth in 
Hole 1051B is in meters below seafloor 
(mbsf). The carbon isotope composition of 
bulk carbonate from Millville and Wilson Lake B 
is from Wright and Schaller (10), and Hole 
1051B is from Katz et al. (11). (D) Map showing 
location of the New Jersey (NJ) margin 
locations, including exposure in Medford, NJ, 
compared to that of Site 1051, Blake Nose. At 
both Wilson Lake B and Millville, the spherules 
are found in the basal Marlboro Clay Formation. 
Because the CIE has not been defined strati- 
graphically at the equivalent exposure of the 
Marlboro Clay at Medford, the stratigraphic 
placement of the spherules recovered there 

is only qualitative with respect to the P-E 
boundary (12). 
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rapidly. We conclude that the stratigraphic dis- 
tribution and morphologies of the spherules are 
wholly consistent with the expected manifesta- 
tion of an air-fall sedimentary event such as an 
impact ejecta bed, modified by minor and typical 
postdepositional bioturbation of marine sediments. 

Major oxide chemistries of the P-E spherules 
show a wide range of compositions distributed 
equally among Wilson Lake B, Millville, and Hole 
1051B (Fig. 4) (12). The spherules are ~33 to ~50% 
SiO, and have CaO contents between ~20 to ~35%, 
which is consistent with a CaCOs-rich target rock, 
with Al,O; and FeO as the second and third most 
abundant oxides, at around 15% and 10% on aver- 
age, respectively. This variability is typical of tektite 
strewn fields and consistent with an impact origin 
of the spherules (78, 79). Impact melts have little 
time for homogenization, but a population of major 
oxide chemistries will generally follow broadly 
linear compositional trends with SiO, content be- 
cause they were generated from the same source 
rock at the site of impact (78). In contrast, ashes 
or spherules from a volcanic eruption tend to ex- 
hibit inter- and intraspherule compositional homo- 
geneity (19). Magma is generally well mixed during 
a single eruptive event, and hence volcanic spherules 
from the same eruptive sequence will be compo- 
sitionally homogeneous and generally have much 
higher water content than impact spherules [up 
to a few weight % (wt %) (20)]. The water content 
of impact glasses is generally much lower than 
volcanic spherules (2/7, 22) because water is re- 
moved by vapor stripping during solidification (23). 
Field transmission infrared spectroscopy (FTIR) 
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on representative P-E spherules reveals water 
contents below 0.023 wt % (see table S5), much 
lower than expected for volcanic spherules but 
typical of impact-generated microtektites. 

In cross section, the internal texture of most of 
the P-E spherules is glassy and relatively feature- 
less (Fig. 3); exceptions are the less common micro- 
krystites (discussed below). The glassy spherules 
also occasionally have microlites just inside the 
rims and are mildly vesicular. This vesicular na- 
ture, and the composition discussed above, are 
inconsistent with iron or stony micrometeorites 
and other cosmic spherules, which are generally 
either chondritic or differentiated and do not 
show evidence of volatile degassing (24). 

A key observation is the presence of amorphous, 
occasionally vesicular, nearly pure SiO, glass (le- 
chatelierite) inclusions within the microtektites 
(Fig. 3). Lechatelierite occurrence is confirmed by 
energy-dispersive x-ray spectroscopy (EDS) and 
micro-Raman spectroscopy in cross sections of 
spherules from Wilson Lake B, Millville, and 
Hole 1051B (see fig. S18). EDS was used to iden- 
tify inclusions that are >98% SiO., and Raman 
spectra from several of these are consistent with 
that of fulgurite (lightning-induced lechatelierite). 
Lechatelierite forms from melting of quartz and 
quenching to quartz glass, which generally occurs 
at temperatures >1750°C (4, 5). This indicates that 
the P-E spherules formed at temperatures at least 
this high, which excludes any known terrestrial 
volcanism as their origin. Melting of crustal sili- 
cates by impact sufficient to produce lechatelier- 
ite occurs at shock pressures of ~30 to 50 GPa 
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(25, 26). This observation implies that the target 
rock, although not necessarily silica-rich, at least 
had silt-sized or larger quartz grains that were 
melted on impact. 

We have identified a quartz inclusion in a 
microtektite from Millville that has Raman spec- 
tral characteristics indicative of shocked quartz 
(Fig. 3D and fig. S21). In particular, the relax- 
ation of the spectral peak corresponding to SiO, 
bond-bending vibration from 464 to 460 cm™ 
wave numbers observed in the Millville inclusion 
is consistent with observations from synthetic 
quartz experimentally shocked to peak pressures 
of 25.8 GPa (27) (fig. S21) and is considered diag- 
nostic. Other characteristic spectral shifts unique 
to shocked quartz also match the Millville grain. 
An extensive search for individual shocked quartz 
among the abundant shelf quartz grains will be 
the subject of future investigation. 

Asubset of spherules shows quench-crystallization 
textures of clinopyroxene (Raman spectra most 
closely matching augite or diopside; see fig. S20), 
in an otherwise glassy matrix (Fig. 3), typical of 
microkrystites (3, 28). The feathered, dendritic, 
and chainlike textures of the P-E microkrystites 
are classic rapid-crystallization high-temperature 
quench features of impact glasses with lower silica 
content from other strewn fields (12). Examples 
are clinopyroxene (cpx) microkrystites of the up- 
per Eocene spherule layer (17, 29, 30), attributed 
to the Popigai impact event (13, 15, 3D, and the 
Cretaceous-Paleogene (K-Pg) spherules (also dis- 
cussed below) (32). Among P-E microkrystites, 
vesicles are present but less common. Iron-rich 
inclusions are found in a few of the microkrystites 
and microtektites (fig. S16). These inclusions are 
generally noncrystalline and round or stringy. The 
presence of vesicles and lack of Ni-rich spinels 
in the P-E microkrystites are consistent with 
melt ejecta. 

Within a given P-E spherule, the crystallite 
chemistry is close to the surrounding matrix 
glass. The distribution of major oxide chemistries 
is also similar to, but distinct from, the Late Eocene 
cpx spherules, which, like the P-E spherules, have 
high CaO contents (averaging only about 10 wt %, 
which is substantially lower than the P-E spherules). 
However, unlike the P-E spherules, the Late Eocene 
spherules have compositions much higher in SiO, 
and Na,O, and lower in Al,O3 and FeO (J8, 30, 33). 
The P-E microtektites and microkrystites are rough- 
ly equally represented at each of the three sites 
(Wilson Lake B, Millville, and Hole 1051B). 

Impact ejecta, including spherules, are asso- 
ciated with the 66-Ma K-Pg boundary on the 
New Jersey coastal plain, such as in the Bass 
River core (34). For the following reasons, we 
find it implausible that the K-Pg spherules were 
reworked and redeposited at the P-E boundary. 
First, the chemistry of the P-E spherules differs 
significantly from those found at K-Pg boundary 
sections, with the latter being much higher in sil- 
ica content (45 to 68%) (35). Newly discovered depos- 
its of unaltered microtektites and microkrystites 
at a K-Pg ejecta layer in Gorgonilla Island, Colombia 
(32), have much higher SiO, and slightly lower 
Al,O3 than the P-E spherules, and Al,O3 generally 
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Fig. 2. Electron backscatter (15 kV) images of representative P-E spherules from Hole 1051B, 
Wilson Lake B, and Millville cores and the Medford exposure. Selected color micrographs are shown 
as insets. (A) Microtektite with a surface pit from ODP Hole 1051B (512.75 mbsf). (B) Microkrystite from 
ODP Hole 1051B (512.75 mbsf). Round features on surface of microkrystite are vesicles and small 
accretionary material. (©) Teardrop-shaped glass spherule from Millville 898.8 drilling units (du); inset is 
photomicrograph of same object. (D) Microkrystite with surface pit (spallation or microcrater?) from Millville 
(898.8 du). Dark round surface features are exposed vesicles. (E) Broken drop-form or dumbbell from Wilson 
Lake B (366.2 du). (F) Microtektite from Wilson Lake B (365.9 du), with a smaller spherule accreted to the 
side. This nature of deformation is typical of accretion occurring in partially molten state (compare to Fig. 3, E 
and F). (G) Microtektite with surface microcrater from the Medford, NJ Exposures. Inset shows several other 
forms found at Medford, which allows us to exclude drilling contamination as a source of the spherules. See 
table S4 for abundances. (H) Typical microkrystite from Wilson Lake B (366.2 du). 
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Fig. 3. Electron backscatter (15 kV) images of microtektites and microkrystites from polished cross 
sections. Scale in micrometers noted by white bars (L, lechatelierite inclusions; cpx, clinopyroxene microlites; 
V, vesicle). (A) Typical internal structure of a glassy microtektite from Wilson Lake B (365.5 du). (B) Teardrop 
microkrystite from Millville (898.5 du). Note quartz and lechatelierite inclusion at edge. (C) Quench-form 
crystallite morphologies in a microkrystite from Millville (898.5 du). Note “chain form” and dendritic struc- 
tures of cpx crystals, typical of rapid quenching from high temperatures. (D) Enlargement of grain inclusion 
in (B) showing lechatelierite around a quartz grain. Raman spectra from this quartz grain show charac- 
teristic vibrational shifts associated with shocked quartz (see fig. S21). Also note fine-grained dendritic cpx 
microlites at edges of droplet. (E) Vesicular lechatelierite accretion/inclusion surrounded by clinopyroxene 
microlites from Millville (898.8 du). Light-colored inclusions are iron-rich crystallites (see fig. S16 for details). 
(F) Microtektite showing accretion of a grain or an exposed inclusion with lechatelierite around it, from 
Millville (898.8 du). (G) Close-up of microkrystite showing dendritic and feather-form crystallites of 
clinopyroxene from Hole 1051B (512.75 mbsf). (H) Typical microtektite with small lechatelierite inclu- 
sion from Hole 1051B (512.75 mbsf). 
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increases with increasing silica content. These 
K-Pg spherules are also several times more enriched 
in Na,O (average ~3%) compared with the P-E 
spherules (0.2%) and have about half as much 
FeO (5.5% in the K-Pg versus 10% in the P-E). The 
presence of conchoidal fracture patterns in the P-E 
spherule glass is also inconsistent with surficial 
exposure and chemical weathering (e.g., Fig. 2 
and fig. S2, E and F). The K-Pg ejecta are not 
preserved as glassy spherules on the coastal plain 
and are usually diagenetically altered; further- 
more, they were buried by 20 to 30 m of sediment 
by the time of the P-E boundary (36) and would 
have been unlikely to survive unaltered on the 
terrestrial surface for 10 million years before a 
redeposition event at the P-E boundary. Indeed, 
the occurrence of the P-E microtektites in a dis- 
crete time-correlative stratigraphic layer at three 
separate locations separated by >1000 km, two 
from the New Jersey shelf and one in the open 
ocean (Blake Nose) (Fig. 1), makes a required fo- 
cused reworking of relatively rare K/Pg spherules 
highly improbable. In addition, if the spherules 
were reworked, they would be accompanied by 
other material of the same age, such as K-Pg mi- 
crofossils, which would have been much more 
abundant than spherules. Also, the discovery of 
spherules at the Medford outcrop section (Fig. 2) 
(12) that are identical in morphology and chem- 
istry to those at Millville, Wilson Lake B, and 
Hole 1051B confirms that they are not an artifact 
of drilling disturbance. 

We conclude that the spherule layer at Wilson 
Lake B, Millville, and ODP Site 1051 is best ex- 
plained as air-fall ejecta (microtektites and micro- 
krystites) generated by an impact close to the 
time of the P-E boundary. Ejecta fallout occurs 
over hours or days, implying that the spherule 
layer provides the most precise time-correlative 
feature for the P-E boundary among the three 
sites. The unprecedented high stratigraphic reso- 
lution of the Wilson Lake B and Millville sites, 
where the onset of the CIE is recorded over meters 
of section, compared with only a few centimeters 
in open ocean sections [e.g., ODP Sites 1051 and 
690 (37)], provides the potential for temporal 
resolution that has not been heretofore possible 
and will surely be the target of important future 
work. Importantly, the virtually instantaneous 
time line provided by the microtektite horizon 
provides an opportunity to delineate the detailed 
sequencing of sedimentation and carbon cycling 
at a critical juncture in Earth’s climate history. 
For example, the apparent variable offsets between 
the microtektite horizon and inflections in the 
bulk sediment 8'°C curves at Wilson Lake B and 
Millville, compared to the step function in foram- 
iniferal 5'°C (fig. S22), must be viewed in this un- 
familiar level of ultrahigh resolution and inspire 
greater scrutiny of the source(s) of the bulk car- 
bon isotope excursion and its relation to the ac- 
tual sequence of events at the P-E boundary. 

It is worth noting that an Ir anomaly has been 
identified at a P-E boundary section at Zumaya, 
Spain (38), although it has been interpreted as 
volcanic in origin (39), and in flysch deposits from 
Slovenia (40); however, a large iridium anomaly is 
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Fig. 4. Microtektite and microkrystite major oxide chemistry from Wilson Lake B, Millville, Medford, and 
Hole 1051B. Elemental abundances are corrected from EDS spectra and normalized to oxygen, assuming 
stoichiometry (see table S5). Closed symbols represent microtektites, and open symbols denote microkrystites. 


not necessarily associated with all major impacts 
[e.g., the Chesapeake impact (47)]. These findings 
will motivate a search for impact ejecta at other 
sites to define the geographic footprint of the P-E 
strewn field, which will ultimately constrain the 
currently unknown location of an impact crater. 
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Living organisms have evolved protein phosphorylation, a rapid and versatile mechanism that 
drives signaling and regulates protein function. We report the phosphoproteomes of 18 fungal 
species and a phylogenetic-based approach to study phosphosite evolution. We observe rapid 
divergence, with only a small fraction of phosphosites conserved over hundreds of millions of years. 
Relative to recently acquired phosphosites, ancient sites are enriched at protein interfaces and are 


more likely to be functionally important, as we show for sites on H2A1 and elF4E. We also observe a 
change in phosphorylation motif frequencies and kinase activities that coincides with the whole- 


genome duplication event. Our results provide an evolutionary history for phosphosites and 
suggest that rapid evolution of phosphorylation can contribute strongly to phenotypic diversity. 
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ivergence in transcriptional regulation and 
gene expression is often considered the 
main driver of phenotypic variation across 
species (1). Comparative gene expression 
and chromatin immunoprecipitation se- 


quencing studies show that transcriptional reg- 
ulation has diverged very quickly (2). Similar 
analysis of protein posttranslational regulation 
has lagged due to methodological limitations. 
Now, mass spectrometry (MS) allows comprehensive 
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identification of posttranslational modification 
(PTM) events. Studies of phosphosite evolution 
indicate that phosphorylation constrains protein 
evolution but that phosphosites can diverge 
quickly (3-7). However, we lack a phylogenetic 
understanding of phosphosite evolution. Thus, 
we examined the regulation of protein function 
by phosphorylation across 18 different fungal 
species that diverged from each other tens to 
hundreds of millions of years ago (Fig. 1A). 
Using MS, we identified a total of 73,340 high- 
confidence [<1% false discovery rate (FDR)] and 
well-localized phosphosites in these species (rang- 
ing from 3062 to 5286 phosphosites per species) 
(tables S1 and S2) (8). We found that most posi- 
tions were phosphorylated only in a few species 
(fig. S1A), partly due to incomplete experimental 
coverage. As expected, the conservation of the 
phosphorylation state decreases with the evo- 
lutionary distance (fig. S1B). 

We estimated the most likely origin for each 
phosphosite, taking into account the MS-derived 
phosphosites, sequence-based prediction of phos- 
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phorylation potential, and the phylogenetic tree 
(Fig. 1B) (8). We identified 44,877 origins of phos- 
phorylation in 41,832 aligned positions (Fig. 1C 
and table S3). Only 890 sites (2.0%) are likely to 
have been present in the last common ancestor 
of all 18 species [2731 million years (My), YO], 
and 2194 sites (4.9%) are estimated to be =434 
My old (Y0+Y1). These ancient sites tend to be 
conserved in higher eukaryotes, with 39.8% of 
the YO sites and 34.3% of the Y0O+Y1 sites also 
phosphorylated in human or mouse. Phospho- 
sites tend to be more conserved than expected by 
random sampling of phosphoacceptor residues 
(fig. S2). 

For the 3884 phosphosites identified in 
Saccharomyces cerevisiae (Fig. 1D, left), 69% 
have an estimated age of <18 My, and 90% of 
sites are <182 My old. Age assignment could 
be biased due to site localization errors or neu- 
tral variation whereby the phosphorylation might 
occur in a neighboring, but not perfectly aligned, 
residue in an orthologous sequence. To take these 
into account, we obtained age estimates using a 
window of +3 positions around each phosphosite 
(8). As expected, this analysis shifted the esti- 
mates to older ages (Fig. 1D, right; fig. S3; and 
table S3). Using both approaches as bounds, we 
estimated that 39 to 69% of the S. cerevisiae 
sites are likely to be <18 My old, whereas 76 to 
90% of sites are likely to be <182 My old. This 
suggests that the majority of observed phospho- 
sites in extant species are evolutionarily novel and 
change at rates comparable to those observed 
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for transcription factor binding sites (9). Similar 
results were obtained when restricting the anal- 
ysis to aligned regions of higher confidence, when 
mimicking a decrease in coverage, and when 
restricting the analysis to ancient proteins (figs. 
S3 and S4) (8). The latter suggests that phos- 
phosites tend to be acquired via mutations in 
preexisting proteins. We also observed that cov- 
erage is not strongly biased by the environmental 
conditions (fig. S5). 

By studying the phylogenetic history of ancient 
sites with known function in S. cerevisiae, we find 
cases such as T210 in the activation loop of Snflp 
kinase, a phosphosite that is critical for viability 
and is strictly conserved (Fig. 1E). Alternatively, 
we find cases such as $22 of pyruvate kinase, 
which, in S. cerevisiae, regulates the catalytic 
activity of this enzyme (10) but which has been 
lost more than once during evolution (Fig. 1F). 
Plausibly, losses like these are compensated for 
by other mutations and may allow us to study 
neutral evolution at the level of phosphoregulatory 
networks. Alternatively, these phosphosites may 
be important only in specific conditions, result- 
ing in these species occupying environmental 
niches where the losses are evolutionarily neu- 
tral. Out of 61 ancient sites with known function 
in S. cerevisiae, 17 (27.9%) are not phosphoaccep- 
tors in at least one species (fig. S6). Out of these 
cases, four were mutated to negatively charged 
residues that may mimic phosphorylation and re- 
sult in constitutive regulation. Evolutionary tran- 
sitions between phosphosites and acidic residues 
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Fig. 1. Phylogenomics pipeline to estimate the age of phosphosites. 
(A) Estimated consensus species tree. Post-whole-genome duplication event 
species are highlighted in the blue box. Age estimates are from timetree.org. 
(B) Example of ancestral state inference combining experimentally determined 
sites (bold) with sequence-based phosphosite predictions. (©) Number of predicted 
origins at each point in the phylogeny. The bar plot represents species-specific 
phosphosites. (D) Distribution of origins of phosphosites from S. cerevisiae (Sc). 
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(E) Behavior of WT stress-responsive genes (defined by FDR < 0.05 and |log2FC| > 1) in an HTA1 S121A mutant upon stress. 


have been reported (17) but were not commonly 
observed in our analysis (8). 

Phosphosites with known functions show 
above-average conservation (6, 12). We therefore 
hypothesized that phosphosite age may correlate 
with functional importance. To test this hypoth- 
esis, we analyzed the age of S. cerevisiae sites at 
2208 protein-protein interfaces, under the as- 
sumption that these could regulate protein inter- 
actions. We noted that there is a small but significant 
depletion of young phosphosites at interfaces 
relative to other exposed residues, supporting 
the view that sites with a putative function tend 
to be older (Fig. 2A; test of proportion, P = 9.5 x 
10~*). This difference is not observed when nor- 
malizing for sequence conservation. Older interface 
phosphosites have, on average, a stronger pre- 
dicted destabilizing effect compared with younger 
sites (Fig. 2A; Mann-Whitney, P = 0.036). This 
suggests that older interface sites are more likely 
to be at positions that contribute to the stability 
of the interface. We further characterized ancient 
site S28 in S. cerevisiae CDC33 (eIF4E), predicted 
to be at the interface with TIF4631 (eIF4GI) (fig. 
87). We purified the CDC33 wild type (WT) and 
phosphodeficient [S28—>A28 (S28A)] and phos- 
phomimetic (S28E) mutants from yeast extracts 
and quantitatively compared interacting proteins 
(table S4A) (8). Several observations reveal the 
functional relevance of this phosphosite. First, 
both eIlF4G paralogs TIF4631 and TIF4632 showed 
a strong increase (four- and twofold, respectively) 
in binding to CDC33 S28E and the WT versus 
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CDC33 S28A. Second, S28A and S28E mutations 
moderately compromise eIF4E binding to EAP1, 
a well-known eIF4E-interacting protein that com- 
petes with eIF4G. Third, several proteins involved 
in stress granule and P-body formation (ASC1, 
STM1, and TIF34) showed substantially higher 
affinity for the S28E mutant than the S28A mutant 
(Fig. 2B). Fourth, the S28E mutant showed increased 
phosphorylation of neighboring sites at T15 and 
T22 on CDC33 (fig. S7 and table S4B). These data 
suggest that CDC33 S28 phosphorylation modu- 
lates eIF4E-eIF4G interaction and is a hotspot for 
translation initiation regulation. 

We compared the age of S. cerevisiae phos- 
phosites with functional annotations with those 
at polymorphic positions. We observed that func- 
tionally important phosphosites tended to be older 
relative to the polymorphic phosphosites (Fig. 2C). 
Age is predictive of functional phosphosites, even 
when accounting for sequence conservation (fig. 
S8), and can therefore be used to guide functional 
studies. As examples, we studied four ancient 
phosphosites: H2A1 S121 (S122 counting start- 
ing methionine), ZUOI1 S50, INP53 S975 (Fig. 2D), 
and CDC10 T216. Compared with the WT con- 
trols, INP53 S975A showed an increased resist- 
ance to hydroxyurea (HU); ZUO1 S50A showed 
increased sensitivity to heat; and CDC10 T216 
showed no phenotype under osmotic, heat, or HU 
stress (8). The alanine mutant of H2A1 (S121A), 
implicated in chromosome stability in S. pombe 
(13), rendered cells thermosensitive and osmosen- 


sitive compared with the WT on both solid and 


liquid media (Fig. 2C and fig. S9). In nonstressed 
conditions, the WT and S121A have a very similar 
expression pattern, with only 32 genes significantly 
altered in the mutant (FDR < 0.05 and at least two- 
fold difference) (fig. S9B). Under stress conditions, 
a larger fraction showed altered gene expression 
(more than 600 and 800 genes in osmostress and 
heat stress, respectively). The expression of repre- 
sentative stress-responsive genes was validated by 
Northern blot (fig. S9C) and a single cell reporter 
system (fig. S9D). When stratifying stress-responsive 
genes by their WT response, genes that were 
stress-induced in the WT showed a decrease in 
up-regulation in the mutant, whereas genes that 
were repressed in the WT showed the opposite 
behavior (Fig. 2E). These results indicate that 
$121 on H2A1 is important for maintaining tran- 
scriptional control of stress-responsive genes. 
The phylogenetic history of phosphosites was 
used to identify functions and complexes that are 
enriched in phosphosites of specific age groups 
(Fig. 3A). To guarantee that the enrichment is due 
to the age of sites and not the proteins, we nor- 
malized the enrichment for the age and average 
conservation level of the proteins in the cor- 
responding group of genes (8). Several central 
processes, such as translation and protein folding, 
as well as some metabolic pathways and some 
central complexes are enriched in ancient sites (YO, 
Fig. 3A). This indicates that the phosphoregulation 
of these processes and complexes is constrained. 
Conversely, some processes and complexes are 
enriched in recently arisen sites that could be 
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Fig. 3. Phylogenetic analysis of functional groups and kinase motif recognition. (A) Enrichment of gene ontology terms for phosphosites of different age 
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represent the Saccharomyces sensu stricto group. (D) Enrichment ratio in KAYAK kinase activities for proline, acidic, or basic motifs. 


associated with recent adaptations (Y3 and 
S1-S4 in Fig. 3A). Different spliceosome compo- 
nents show enrichment for sites of different 
ages. This potential change in the regulation is 
consistent with divergence in splicing across 
these species (74). 

We next investigated whether the rapid diver- 
gence in phosphorylation is also accompanied by 
changes in the overall usage of phosphorylation 
motifs and the repertoire of protein kinases (Fig. 
3B). We matched each phosphosite to common 
kinase motif preferences and calculated the rel- 
ative motif usage across species (8). We observed 
a trend of lower relative usage of proline-directed 
motifs and higher relative usage of acidic motifs 
for species belonging to the post-WGD clade (15) 
and, in particular, for species in the Saccharomyces 
sensu stricto genus (Fig. 3B, columns one to four). 

The differential usage of phosphorylation motifs 
is not due to a differential presence of the equiv- 
alent sequence motifs (figs. SIO and S11), so we 
speculated it could coincide with changes in the 
repertoire of protein kinases, their specificities, 
and/or their activities. We examined the fraction 
of kinases in each species assigned to different 
major groups of protein kinases (Fig. 3B, columns 
5 to 13, and table S5). We observed a small in- 
crease in the fraction of CMGC and STE families 
in the Saccharomyces species and AGC and CAMK 
kinases in Saccharomyces species, Candida glabrata, 
and Vanderwaltozyma polyspora. However, kinase 
family membership is a poor predictor of kinase 
specificity. Thus, we focused on proline-directed 
(SP) kinases that can be accurately predicted from 
sequence (16). Such kinases tend to be depleted in 
the post-WGD clade (Fig. 3B, column 14), with the 
relative presence of SP phosphosites showing a 
significant correlation with the fraction of SP 
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kinases across species (Fig. 3C; Pearson’s cor- 
relation coefficient 7” = 0.34, P = 0.011). 

To measure changes in basal kinase activities, 
we conducted KAYAK (kinase activity assay for 
kinome profiling) analysis (17). Cell lysates were 
reacted with peptide libraries matching proline- 
directed, acidic, and basic motifs. The extent of 
phosphorylation was used as a proxy for kinase 
activity toward these sequences (Fig. 3D). We se- 
lected nine species spanning our tree and per- 
formed two biological replicates (7° = 0.98; fig. SI2A) 
(8). The measured kinase activities show a weak 
but significant correlation with the relative usage of 
phosphorylation motifs (Pearson’s r” = 0.09, P = 
0.024; fig. S12B). Relative to the others, Saccharomyces 
species show a significant difference in kinase 
activities across the three motif types (analysis 
of variance, P = 8.0 x 10°“). They tend to have 
lower activity toward proline and basic motifs 
and higher activity toward acidic motifs (Fig. 3D). 
Together, these results suggest that changes in 
the repertoire of kinases have altered the overall 
basal kinase activities, resulting in a differential 
usage of phosphorylation motifs across species. 

On the whole, our results show that evolution 
of phosphoregulation is highly dynamic, and we 
suggest that changes in PTM regulation are on 
par with changes in transcriptional regulation in 
their capacity to quickly generate a diversity of 
solutions during evolution. 
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SIGNAL TRANSDUCTION 


Opposing effects of Elk-1 multisite 
phosphorylation shape its response 
to ERK activation 


Anastasia Mylona,’* Francois-Xavier Theillet,?+ Charles Foster, Tammy M. Cheng,” 
Francesc Miralles,”* Paul A. Bates,® Philipp Selenko,” Richard Treisman't 


Multisite phosphorylation regulates many transcription factors, including the serum response 
factor partner Elk-1. Phosphorylation of the transcriptional activation domain (TAD) of Elk-1 

by the protein kinase ERK at multiple sites potentiates recruitment of the Mediator transcriptional 
coactivator complex and transcriptional activation, but the roles of individual phosphorylation 
events had remained unclear. Using time-resolved nuclear magnetic resonance spectroscopy, we 
found that ERK2 phosphorylation proceeds at markedly different rates at eight TAD sites 

in vitro, which we classified as fast, intermediate, and slow. Mutagenesis experiments showed 
that phosphorylation of fast and intermediate sites promoted Mediator interaction and 
transcriptional activation, whereas modification of slow sites counteracted both functions, 
thereby limiting Elk-1 output. Progressive Elk-1 phosphorylation thus ensures a self-limiting 
response to ERK activation, which occurs independently of antagonizing phosphatase activity. 


ultisite protein phosphorylation increases 
the complexity of functional signaling out- 
puts that can be generated from single 
protein kinase inputs. It can set thresholds 


controlled independently (5). However, in gen- 
eral, the dynamics and functional roles of indi- 
vidual phosphorylation events are incompletely 
understood. 


for activity or transform graded signals 
into switch-like responses (J-4). Many transcrip- 
tion factors and their interacting regulatory pro- 
teins are subject to multisite phosphorylation, 
which allows distinct aspects of protein function— 
including protein turnover, nuclear import and 
export, and specific protein interactions—to be 


The ternary complex factor (TCF) subfamily 
of Ets-domain transcription factors, consisting 
of Elk-1, SAP-1, and Net, provides an example of 
multisite phosphorylation in transcriptional ac- 
tivation. TCFs, together with their partner protein 
SRF, function in many biological processes by 
coupling SRF target genes to mitogen-activated 


protein kinase (MAP kinase) signaling (5). Mito- 
genic and stress stimuli induce phosphorylation 
of TCF C-terminal transcriptional activation do- 
mains (TADs) at multiple S/T-P (Ser or Thr-Pro) 
phosphorylation sequences, of which eight are 
conserved across the family (Fig. 1A and fig. SI) 
(6-11). Two MAP kinase docking sites, the D-box 
and the Phe-Gln-Phe-Pro (FQFP) motif, control 
phosphorylation of these sites (12-15). Multisite 
phosphorylation triggers transcriptional activa- 
tion by TCFs, facilitating their interaction with 
the Mediator transcriptional coactivator complex 
(16-19), but the kinetics with which the differ- 
ent sites are phosphorylated, and whether they 
serve distinct functions, remain unclear. 

To obtain atomic-resolution insights into phos- 
phorylation of the Elk-1 TAD, we used nuclear 
magnetic resonance (NMR) spectroscopy (20) 
to monitor its modification by recombinant ERK2 
in vitro (Fig. 1B and fig. S2A). Time-resolved NUR 
experiments revealed that each phosphorylation 
proceeded efficiently but at markedly different 
rates. Phosphorylation of Thr” and Ser?™*, which 
flank the central Phe-Trp (FW) motif implicated 
in Mediator interaction (J8), occurred faster than 
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Fig. 1. Multisite phosphorylation of Elk-1 TAD. (A) Linear outline of Elk-1 fast (red), intermediate 
(blue), and slow (yellow) S/T-P phosphorylation sites. Kinase docking motifs are shown in green; the 
FW residues (purple) are essential for Mediator association. (B) NMR analysis of Elk-l TAD (amino acids 
309 to 429) phosphorylation with recombinant ERK2. Left: 2D ‘H-!°N NMR spectrum of unphos- 
phorylated Elk-1 (black), with phosphorylation site signals color-coded as in (A). Right: Overlay of 2D 
NMR spectra of phosphorylated [gray and color-coded as in (A)] and unmodified Elk-1 (black). (C) Time- 
resolved modification curves of individual Elk-1 sites upon phosphorylation with ERK2; error bars denote 
differences between replicate experiments on two independent samples. (D) Time-course Western 
blot of GST—Elk-1 TAD phosphorylation and phosphorylation site-specific antibody detection. 
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modification of Thr, Thr**, and Ser?®°, whereas 
residues Thr’, Ser*”?, and Thr®’ were modified 
more slowly (Fig. 1C), which we confirmed by 
immunoblotting (Fig. 1D). Chemical shift anal- 
ysis (Ca, CB) showed no stable secondary struc- 
ture elements in unmodified or phosphorylated 
Elk-1 TAD (fig. S2B). 

As a first step toward understanding the basis 
for the phosphorylation sites’ differential kinetic 
behavior, we devised a reaction model based on 
Michaelis-Menten enzyme kinetics. To simplify 
the mathematical treatment, we grouped EIk-1 sites 
into three classes: fast (Thr? and Ser®**), inter- 
mediate (Thr*™, Thr®™, and Ser), and slow (Thr, 
Thr’, and Ser‘), We assumed that ERK2 phos- 
phorylation is distributive, that enzymatic rate 
constants (X,,,) are similar for all sites, and that 
the different sites have relative affinities for 
ERK2 modeled by increasing Michaelis-Menten 
constants (Kyyh*t < Ky < Kyo") (Fig. 2A and 
fig. S3A) (20). This model, which recapitulated 
the measured kinetics of in vitro Elk-1 phospho- 
rylation well (Fig. 2B), predicted that removal of 
fast or intermediate sites should increase the 
phosphorylation rates of other sites. To test this 
idea, we analyzed the phosphorylation kinetics 
of Elk-1 TAD mutants in which we substituted 
all fast or intermediate phosphoacceptor residues 
with alanines (Elk-IF: Thr®®’ — Ala, Ser®** > 
Ala; Elk-11: Thr®** — Ala, Thr? — Ala, Ser?°° > 
Ala) (Fig. 2A). In the fast-site mutant EIlk-1F, 
phosphorylation rates of intermediate and slow 
sites increased, whereas those of the fast and slow 
sites increased in the intermediate-site mutant 
EIk-1I; in both cases, the altered kinetics fit well 
with those predicted by the model (Fig. 2B and fig. 
S3B). Thus, even the fast sites are not phosphory- 
lated at the maximum possible rate in the wild- 
type protein. Moreover, phosphorylation of an 
Elk-1 TAD mutant in which Thr? and Ser?** 
were replaced with aspartates was similar to Elk- 
1F, excluding the possibility that fast-site phos- 
phorylation primes later modification events 
(fig. S3B). 

To gain more insight into the factors affecting 
individual sites’ phosphorylation kinetics, we as- 
sessed the role played by primary sequence. To 
do this, we exchanged the sequences surrounding 
the fast Thr? and slow Ser*”® sites. This also 
effectively exchanged their reactivities, which sug- 
gests that these sites’ phosphorylation rates reflect 
their position relative to ERK docking sequences, 
rather than intrinsic differences in reactivity (Fig. 
2C). We therefore examined the contributions of 
the D-box and FQFP ERK docking motifs to each 
site’s phosphorylation kinetics. Deletion of the D- 
box decreased the rates of Thr®®”, Thr®™, Thr?**, 
and Thr?” phosphorylation but increased the rates 
of Ser®®, Thr™®, and Ser*”’ modification (Fig. 2D). 
In contrast, deletion of the FQFP motif decreased 
the rate of Ser*** phosphorylation but enhanced 
modification of intermediate sites, including ad- 
jacent Ser®®°, with no effect on the C-terminal 
sites (Fig. 2D). Thus, the ERK docking motifs dif- 
ferentially affect each phosphorylation site’s com- 
petitive behavior. Previous studies showed that 
Elk-1 TAD phosphorylation by JNK and p38 
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Fig. 2. Phosphorylation kinetics of Elk-1 TAD mutants. (A) Outline of analyzed Elk-1 TAD mutants. 
Substrate sites were classified as fast (red), intermediate (blue), or slow (yellow) for model calculations. 
(B) Left: Comparison of averaged measured data points of wild-type Elk-1 TAD fast-, intermediate-, and slow- 
site phosphorylation by ERK2 (circles) with calculated rates according to the competitive inhibition model 
(solid lines). Center: Fast-site alanine-substituted Elk-1 TAD (Elk-1F); dashed lines show wild-type Elk-1 TAD 
for comparison. Right: Intermediate-site alanine-substituted Elk-1 TAD (Elk-1l); dashed lines show wild-type 
Elk-1 TAD for comparison. (C) Time-resolved modification curves (right) of the Elk-1 369/423 switch mutant 
(left). Amino acid abbreviations: G, Gly; K, Lys; L, Leu; P, Pro; Q, Gln; S, Ser; T, Thr; V, Val. Error bars denote 
differences between replicate experiments on two independent samples. (D) Time-resolved modification 
curves of ERK docking-site mutants Elk-IAD-box (left) and Elk-IAFQFP (right), presented as in (C). Effects 
of D-box and FQFP site deletions on Elk-1 TAD phosphorylation rates are summarized below. 


MAP kinases differs from phosphorylation by 
ERK (0, 21-24) and that this reflects differences 
in their docking interactions (12, 14, 15, 25). In- 


deed, these kinases exhibited site preferences 
and phosphorylation rates that were distinct 
from that of ERK2 (fig. S3C). Taken together, 
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Fig. 3. Effects of Elk-1 TAD mutations on TCF target gene expression, cell 
proliferation, and Mediator binding. (A) Quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) analysis of TCF target gene transcription 
in reconstituted TKO MEFs. Cells were reconstituted with wild-type mouse 
Elk-1 (WT) or fast-site (F), intermediate-site (I), slow-site (S), fast- and intermediate- 
site (Fl), or alanine-substituted FW motif (FW) mutants. (B) Effects of individual 
slow-site alanine substitutions on Egr1 expression. Data are expressed relative to 
expression of GAPDH. In (A) and (B), cells were stimulated with TPA (50 ng/ml) 


where indicated. RNA levels are quantified relative to GAPDH; data are means + 
SEM, rn = 3. (C) Proliferation of wild-type and mutant Elk-1 TKO MEFs. Data are 
means + SEM, n = 3. (D) Coimmunoprecipitation of Mediator with wild-type 
or mutant Flag-tagged Elk-1 from NIH3T3 cell extracts. Antibodies to Mediator 
subunits MED23, MED24, and MED16 were used for immunoblotting. (E) Me- 
diator coprecipitation from unstimulated NIH3T3 cell extracts using wild- 
type and mutant GST-tagged Elk-1 TAD proteins with and without prior ERK2 
phosphorylation. 


our results show that the different rates of Elk-1 
TAD phosphorylation by ERK2 follow a com- 
petition mechanism that is governed by the po- 
sition of individual Elk-1 substrate sites relative 
to ERK2 docking interactions. 

To test whether the different kinetic classes 
of Elk-1 TAD phosphorylation sites are function- 
ally equivalent, we expressed Elk-1 mutants in 
fibroblasts derived from TCF-deficient (Elk1~; 
EIk3°*; Elk4"’~) triple-knockout mouse embryos 
(TKO MEFs; fig. S4, A to C). In these cells, 
immediate-early (IE) gene expression is defective, 
but expression of wild-type mouse Elk-1 restored 
the IE transcriptional activation seen in wild-type 
MEFs after activation of ERK by treatment with 
TPA (12-O-tetradecanoylphorbol-13-acetate) (fig. 
S4D). As expected, alanine substitutions of fast 
and/or intermediate sites, or of the FW motif, 
greatly diminished or abolished the ability of 
EIk-1 to activate TCF-SRF target gene transcription 
after TPA stimulation (Fig. 3A). Surprisingly, how- 
ever, mutation of the slow sites substantially en- 
hanced Elk-1-mediated activation of TCF-SRF 
target genes (Fig. 3A). Alanine substitutions at 
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individual slow sites also increased Elk-1 activity, 
with Thr“ exhibiting the greatest effect (Fig. 3B 
and fig. S4, E to G). TCF-SRF signaling is impor- 
tant for cellular proliferation (26, 27), and TKO 
MEFs proliferated more slowly than wild-type 
MEFs. The reconstituted TKO MEFs exhibited 
enhanced proliferation rates, which correlated 
with the ability of each mutant to promote tran- 
scriptional activation (Fig. 3C). 

Phosphorylation of Elk-1 promotes transcrip- 
tional activation by facilitating its MED23-dependent 
interaction with the Mediator complex (16-18). 
We therefore investigated whether the different 
transcriptional activities of the Elk-1 mutants 
reflected alterations in Mediator binding. We pre- 
pared extracts of TKO cells expressing wild-type 
or mutant Elk-1 proteins and assessed Elk-1 associa- 
tion with Mediator by coimmunoprecipitation of 
the MED23, MED24, and MEDI16 subunits. Con- 
sistent with the transcription experiments, Elk-1- 
Mediator interaction was induced by TPA stimulation 
and dependent on the FW motif; it was abolished 
by alanine substitutions of fast and intermediate 
sites, and increased in the slow-site Elk-1 mutant 


(Fig. 3D). We obtained similar results when we used 
glutathione S-transferase (GST)-Elk-1 TAD proteins 
to recover Mediator proteins from unstimulated 
NIH3TS3 cell extracts (Fig. 3E). In this assay, ERK2 
phosphorylation time-course experiments showed 
that Mediator recovery by the wild-type Elk-1 TAD 
was most efficient prior to modifications of the 
slow sites (fig. S5, A and B). Taken together, these 
data show that according to the sites involved, 
ERK2 phosphorylation promotes or inhibits tran- 
scriptional activation by Elk-1, which reflects al- 
terations in Elk-1-Mediator interactions. 

Next, we investigated Elk-1 TAD phosphoryla- 
tion kinetics in vivo. Previous studies were un- 
able to distinguish the progressive phosphorylation 
of fast and slow Elk-1 sites (6). However, by in- 
cubating cells at 25°C to slow down reactions, we 
confirmed that phosphorylation rates can be 
ranked in the order Ser*®* > Thr? > Thr“® and 
that different site classes exhibited a similar com- 
petitive behavior, as seen in vitro (fig. S6A). Rea- 
soning that phosphorylation of the Elk-1 TAD 
might be sensitive to kinetic effects at limiting 
signal strengths, we titrated ERK activity using 
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Fig. 4. Multisite phosphorylation of Elk-1 shapes the transcriptional response to ERK activation. 
(A) Kinetics of Elk-1 fast- and slow-site phosphorylation in cells treated with increasing concentrations of 
TPA. (B) Transcription rate of the TCF-SRF target gene Egr1 in TKO MEFs expressing wild-type Elk-1 or 
mutant Elk-1S. Precursor RNA was monitored by qRT-PCR after stimulation with different concentrations 
of TPA. Data are means + SEM; n = 3. (C) Kinetics of Egrl mRNA accumulation in cells as in (B) monitored 
by qRT-PCR. (D) Progressive Elk-1 phosphorylation by ERK has both activating (left and center) and in- 
hibitory (right) effects on Mediator recruitment, as suggested by shading densities. A strong signal will 
rapidly reach the attenuated state shown at the right; a weak signal may reach this state only if sustained. 


increasing amounts of TPA. This both increased 
the maximal extent of ERK activation and advanced 
the time at which it occurred (fig. S6B). At low TPA 
concentrations, Elk-1 fast-site (Ser®*“) and slow- 
site (Thr“"*) modifications accumulated slowly 
over 1 hour, whereas at a saturating TPA dose 
they were maximal by 10 min. Both phosphoryl- 
ations declined at late times, presumably owing 
to the action of Elk-1 phosphatases (Fig. 4A) (6, 28). 

Having established that Elk-1 phosphoryla- 
tion kinetics are tuned by signal strength, we 
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investigated their relationship to transcriptional 
activation. We compared the ability of wild-type 
Elk-1 and the slow-site mutant EIk-1S to activate 
transcription in response to signals of differing 
strengths. At saturating TPA concentrations, both 
proteins activated Egr/ transcription with sim- 
ilar transient kinetics, although Elk-1S was much 
more active, reflecting the loss of the inhibitory 
sites (Fig. 4, B and C). At limiting TPA doses, 
however, their behaviors were markedly different. 
Whereas the activity of wild-type Elk-1 was almost 


maximal by 15 min, that of Elk-1S increased sub- 
stantially beyond this time (Fig. 4B), resulting in 
prolonged Egr] mRNA accumulation (Fig. 4C). Thus, 
progressive phosphorylation of the Elk-1 TAD by 
a single kinase, ERK, attenuates the transcrip- 
tional response of Elk-1, shaping it according to 
the strength and kinetics of ERK activation. 

Our results show that phosphorylation of the 
Elk-1 TAD by ERK can either promote or inhibit 
Mediator interaction depending on the sites in- 
volved, thereby modulating transcriptional activa- 
tion. Given that the TAD sequences are conserved 
in the other TCFs, our findings may also apply to 
them. The more rapidly phosphorylated sites are 
located in the substantially conserved central core 
of the TAD and are essential for transcriptional 
activation, lying close to the FW hydrophobic 
motif required for Elk-1-Mediator interaction 
(10, 18). Multisite phosphorylation of these res- 
idues might stabilize this interaction and per- 
haps also set a signaling threshold for it, similar 
to the way that multisite phosphorylation sets a 
threshold for the Sicl-Cdc4 interaction (29). In 
contrast, slowly phosphorylated sites located N- 
and C-terminal of the conserved TAD core act 
negatively. Their phosphorylation inhibits Mediator 
recruitment and limits transcriptional activation 
(Fig. 4D) and may also facilitate recruitment of 
negative regulators of Elk-1 activity. Together, these 
properties ensure that ERK phosphorylation of 
the Elk-1 TAD is self-limiting, whereby phospho- 
rylation of slow sites attenuates TCF-SRF target 
gene expression under conditions of strong or 
sustained ERK signaling (Fig. 4D). Our results 
challenge the common assumption that multisite 
modification events act unidirectionally and can 
only be reversed or limited by antagonistic enzymes, 
such as phosphatases. Given the prevalence of such 
events in different biological processes, we expect 
that similar mechanisms may govern other reg- 
ulatory interactions. 
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Rapid development of a DNA vaccine 


for Zika virus 
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Zika virus (ZIKV) was identified as a cause of congenital disease during the explosive outbreak in 
the Americas and Caribbean that began in 2015. Because of the ongoing fetal risk from endemic 
disease and travel-related exposures, a vaccine to prevent viremia in women of childbearing 
age and their partners is imperative. We found that vaccination with DNA expressing the 
premembrane and envelope proteins of ZIKV was immunogenic in mice and nonhuman 
primates, and protection against viremia after ZIKV challenge correlated with serum 
neutralizing activity. These data not only indicate that DNA vaccination could be a successful 
approach to protect against ZIKV infection, but also suggest a protective threshold of vaccine- 
induced neutralizing activity that prevents viremia after acute infection. 


he emergence of Zika virus (ZIKV) in the 

Americas and Caribbean follows a series 

of global threats to public health from 

mosquito-borne viral diseases over the past 

three decades. Because of the profound im- 
pact on individuals and society from a disabling 
congenital disease caused by ZIKV infection in 
pregnant women, the World Health Organiza- 
tion declared ZIKV a global health emergency in 
February 2016. Although it is likely that the in- 
cidence of ZIKV infection will decline consider- 
ably within 1 to 2 years (1), it is also likely that 
ZIKV will become endemic in tropical and sub- 
tropical regions, with sporadic outbreaks and po- 
tential for spread into new geographical areas, 
as observed with other emerging arboviruses such 
as West Nile (WNV) and chikungunya. Therefore, 
unless immunity is established before childbear- 
ing age, pregnant women will continue to be at 
risk for an infection that could harm their fetus. 
Further, because men can harbor ZIKV in semen 
for several months after a clinically unapparent 
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infection and can sexually transmit virus to a 
pregnant partner (2), even women in nonendemic 
regions will have some ongoing risk if exposed to 
men who have traveled to endemic regions. These 
characteristic features of transmission and disease 
suggest that there will be an ongoing need for a 
ZIKV vaccine to maintain a high level of immunity 
in the general population and in travelers to endem- 
ic regions to reduce the frequency of fetal infection. 
To rapidly address the critical need for a preven- 
tive vaccine to curtail the ongoing ZIKV outbreak 
in the Americas, we chose a gene-based vaccine de- 
livery approach that leverages our prior experience 
with a DNA-based WNV vaccine (3). Advantages 
of DNA vaccines include the ability to rapidly test 
multiple candidate antigen designs, the ability to 
rapidly produce material that conforms to good 
manufacturing practices, an established safety 
profile in humans, and a relatively straightforward 
regulatory pathway into clinical evaluation. 
Antigen design was guided by prior knowledge 
about humoral immunity to flaviviruses. Vaccine- 


elicited neutralizing antibodies (NAbs) are asso- 
ciated with protection from flavivirus-mediated 
disease (4). Because the most potent monoclonal 
flavivirus NAbs map to conformational epitopes 
in domain III (DID of the envelope (E) protein 
(5), or to more complex quaternary epitopes that 
bridge between antiparallel E dimers or between 
dimer rafts arrayed on the virus surface (6, 7), our 
goal was to identify constructs that produced par- 
ticles that faithfully captured the antigenic com- 
plexity of infectious virions. Expression of the 
structural proteins premembrane (prM) and E are 
sufficient for the production and release of virus-like 
subviral particles (SVPs) with antigenic and functional 
properties similar to those of infectious virions (8, 9). 

To identify promising vaccine candidates, prM- 
Econstructs were synthesized and screened for 
expression and efficiency of particle release from 
transfected cells. prM-E sequences were inserted 
into a cytomegalovirus immediate early promoter- 
containing vector (VRC8400) that has been eval- 
uated clinically in several previous studies (3, 10, 11). 
These constructs are distinct from one reported in 
recent studies by Larocca et al. (12) and Abbink e¢ al. 
(13) that was based on a Brazilian isolate (strain 
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2016 SYMPOSIA 


2016 Canada Gairdner 
Awardees’ Lectures 
Thursday, October 27, 2016 
9:00 am - 3:00 pm 
University of Toronto 
Macleod Auditorium 


This year’s Canada Gairdner Award winners 
join together after touring the country to 
explain and explore their discoveries in 
Science. Our International Award winners 
will discuss the expanding potential of the 
CRISPR technique for gene editing, and our 
Wightman and Global Health awardees will 
share their experiences confronting HIV/ 
AIDS and broader global health challenges. 


Watch the 
webcast LIVE at: 
HL yfGaiminerwencas Gene Editing: | 
@) Bacterial Immunity 
To Global Impact 


Friday, October 28, 2016 
9:00 am - 2:30 pm 
University of Toronto 
Macleod Auditorium 


Inspired by the gene-editing pioneers of 
the 2016 Canada Gairdner International 
Awards, this one-day symposium will step 
beyond the discovery of the CRISPR-Cas 
system to explore gene editing’s potential 
across the biological spectrum, and how 
advances in human health, disease control 
& environmental engineering could change 
our perspective & place in the natural world. 


Featuring a Roundtable Discussion with the 
2016 Canada Gairdner Award Laureates. 


Gairdner Symposia are FREE events open to all interested members of the public 


For further information visit us at www.gairdner.org or follow us on Twitter and YouTub 


The Gairdner Symposia * Gairdner National Program * Gairdner Student Outreach Program ¢ Gairdner Awardee Lecture Series 
www.gairdner.org * @GairdnerAwards 
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Its state-of-the-art refrigeration system > Space-saving design 

provides excellent cooling performance > Advanced temperature management 
and keeps your temperature sensitive > NEW: Eppendorf Conical Tubes, 
samples safe. 15 mL and 50 mL 
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DVS Analyzers 

IGAsorp dynamic vapor sorption (DVS) 
analyzers from Hiden Isochema allow con- 
trol of relative humidity (RH) at values up 
to 10 times lower than possible with tradi- 
tional DVS analyzer methods. Climate-XT 
mode applies independent, intelligent 
control algorithms to the sample and 
humidifier thermostats to allow humidity 
setpoints below 0.2% RH. The analyzer’s 
Hlsorp software determines and applies 
the humidifier temperature(s) required to 
attain the full range of isotherm points as 
entered by the user. The process is fully 
automated, and the full kinetic data is re- 
corded and analyzed along with the equi- 
librium data. Hiden’s Climate-XT mode 
uniquely allows fully automated access 

to the complete range of humidity values 
up to 98% RH, with direct measurement 
of both humidity and temperature at the 
sample position. For a sample tempera- 
ture of 50°C, humidity may be controlled 
as standard down to 0.1% RH, and further 
options are available for optimized tem- 
perature and humidity requirements. 
Hiden Isochema 

For info: +44-(0)-1925-244678 
www.hidenisochema.com 


Real-Time Intracellular 

Oxygen Assay 

MitoXpress Intra is a powerful new tool 
that facilitates real-time assessment of 
transient changes in cell respiration, oxy- 
gen gradients, and physiological responses 
across a range of cell models. Specifically, 
it simplifies the measurement of cellular 
oxygenation—a critical parameter across 
many fields of research including hypoxia 
and cancer metabolism. Traditionally, in- 
tracellular measurements have proven very 
difficult, requiring the use of invasive, labo- 
rious, low-throughput, technically challeng- 
ing techniques. Using the MitoXpress Intra 
probe, researchers can monitor molecular 
oxygen in real time within the cell monolay- 
er on a plate reader in a noninvasive, rapid 


manner. The assay is optimized for use on standard 96-/384-well 
plates and time-resolved fluorescence plate readers, enabling high- 
throughput analysis of multiple samples in parallel. Data produced 
is complementary to other intracellular parameters, such as reactive 
oxidative species and mitochondrial membrane potential. 


AMS Biotechnology 
For info: +44-(0)-1235-828200 
www.amsbio.com 


LIFE SCIENCE TECHNOLOGIES 


SPR System 

Biacore 8K is the new eight-needle, 
high-sensitivity surface plasmon 
resonance system from GE Healthcare 
Life Sciences. It offers Biacore’s high- 
quality kinetics and affinity data at a 
speed that shortens time to results by 
up to eightfold compared to single- 
needle systems. Its flexibility facilitates 
the analysis of small fragments as well 
as multidomain proteins, and it can also 
tackle new drug formats such as bispe- 
cific antibodies. Biacore 8K’s sensitivity 
and stability generate high-quality bind- 
ing data for small molecules binding 

to complex targets such as G-protein- 
coupled receptors, and provide an 
alternative to traditional immunoassays 
such as ELISAs. Its eight needles allow 
analysis of up to 2,300 small-molecule 
fragments per day, and the novel 2D 
kinetics methodology delivers full 
kinetic characterization data within 35 
minutes, without the need for exten- 
sive assay development. Affinity and 
kinetic ranking enables rapid selection 
of biotherapeutic or small-molecule 
hits, while detailed kinetic and affinity 
data help characterize and optimize 
selected binders. 

GE Healthcare Life Sciences 

For info: 800-526-3593 
www.gelifesciences.com 


NEW PRODUCTS 


Organoid Resource Lab 

Trevigen is pleased to announce the 
opening of the Organoid Resource 
Laboratory (ORL) at its Gaithersburg, 
Maryland, location. The purpose of 

the ORL is to provide the research 
community with the matrices, reagents, 
growth factors, organoid progenitor 
cells, protocols, and technical support 
needed to promote the establishment 
of organoid cultures. Researchers 

have devised means to propagate 3D 
cultures, which most closely mimic the 
physiological response patterns of the 
tissue of origin. The ultimate form of 3D 
culture is the organoid, which is cultured 
from progenitor stem cells taken from a 
fresh target organ. The cells never come 
in direct contact with glass or plastic 
labware and under stringent, prescribed 
conditions, can be cultured to become 
mini-organs that closely resemble the 
original source organ and exhibit the 
proper physiological response patterns. 
Trevigen now offers highly qualified 
organoid culture products, along 

with protocols for use and technical 
services support, to assist the adoption 
of organoid cultures by both new and 
experienced labs alike. 

Trevigen 

For info: 301-216-2800 
www.trevigen.com 


Autophagy Detection Kit 

CYTO-ID Autophagy Detection Kit 

2.0 measures and labels autophagic 
vacuoles and monitors autophagic 

flux in lysosomally inhibited live cells 
using a novel dye. The dye has been 
optimized through the identification of 
titratable functional moieties that allow 
for minimal staining of lysosomes while 
exhibiting bright fluorescence upon 
incorporation into pre-autophagosomes, 
autophagosomes, and autolysosomes 
(autophagolysosomes). As such, the 
dye ensures a low background while 


guaranteeing specific staining. The assay offers a rapid, 
quantitative approach to monitoring autophagy in live cells 
without the need for cell transfection. 

Enzo Life Sciences 

For info: 1-800-942-0430 


www.enzolifesciences.com 
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POSTDOCTORAL FELLOWSHIPS 


The Geophysical Laboratory, Carnegie Institution 
of Washington, invites applications for POST- 
DOCTORAL FELLOWSHIPS. The Geophysical 
Laboratory emphasizes interdisciplinary experimental 
and theoretical research in fields spanning geoscience, 
microbiology, chemistry, and physics. The Laboratory 
supports world-class facilities in high-pressure research; 
organic, stable isotope and biogeochemistry; mineral 
physics and petrology; and astrobiology. 

Please visit website: https://jobs.carnegiescience. 
edu/jobs /carnegie-fellowships-for-the-geophysical- 
laboratory-4/ to view a list of required materials and 
application instructions. Also, see website http:// 
www.gl.ciw.edu/ for a listing of personnel, current 
research interests, and major facilities. 

Completed applications for Carnegie fellowships 
should be submitted by November 30, 2016. 

The Geophysical Laboratory is located in Washington, DC, 
and is an Equal Opportunity Employer. 
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ASSOCIATE PROFESSOR of TERRESTRIAL 
REMOTE SENSING 
Geospatial Sciences Center of Excellence 
South Dakota State University 

The Geospatial Sciences Center of Excellence seeks 
a person with research experience and teaching interests 
focused on remote sensing science and applications with 
expertise in one or more of these focal areas: land cover 
and land use, agriculture, hydrology, and biogeo- 
chemistry. This 12-month position is funded by state 
funds and carries a workload of 80% research, 10% 
teaching, and 10% service. Responsibilities include 
securing externally funded research grants, recruiting 
and mentoring doctoral students and post-doctoral 
researchers, and delivering one graduate course per 
year. Minimum qualifications include an earned Ph.D. 
degree in an appropriate field with a background in 
remote sensing; minimum of five years’ experience con- 
ducting externally funded research; scholarly activity, 
including collaborative research and peer-reviewed 
publications as first author; and a demonstrated ability 
to communicate effectively. A record of sponsored 
research, experience with geospatial technologies and 
quantitative methods, and experience mentoring 
students and staff are desired qualifications. For ques- 
tions on the position, contact the search committee 
chair, Dr. David Roy via email at (605) 688-5352 
or david.roy@sdstate.edu. Application deadline is 
November 3, 2016. To view a full position description 
and to apply, visit website: https: //yourfuture.sdbor. 
edu /applicants /Central?quickFind=60522, and click 
on “apply for this posting.” For questions on the elec- 
tronic employment process, contact SDSU Human 
Resources at (605) 688-4128. SDSU is an AA/EEO 
Employer. Women, minorities, veterans, and persons with 
disabilities are encouraged to apply. 


FACULTY POSITION(S) IN HEALTH 
DISPARITIES IN CANCER RESEARCH 
PROGRAM 


The Mitchell Cancer Institute at the University of 
South Alabama (USAMCTI) is recruiting faculty at the 
junior and mid-career stage for its newly developed 
research program in “Cancer Health Disparities”. This 
program will broaden the institute’s overall expertise- 
base and complement existing research programs at 
USAMCI. Interested applicants, who are already con- 
ducting cancer health disparities research or plan to use 
their basic and translational research skills to expand 
their portfolio into this exciting and much needed area 
of research, are encouraged to apply. Candidates with 
a track record of independent funding and publica- 
tions in high impact journals will be given the highest 
consideration. Successful candidates will be expected 
to run a vibrant collaborative program supported by 
external funding. A competitive salary and research 
start-up package will be provided. Position(s) will be 
within the Department of Oncologic Sciences, Mitchell 
Cancer Institute at the University of South Alabama 
and are tenure-track. 

To apply, please send your curriculum vitae, a brief 
summary of your research plans, and three letters of 
recommendation to: Ajay P. Singh, PhD; Professor 
of Oncologic Sciences & Head, Health Disparities 
in Cancer Research Program, Mitchell Cancer In- 
stitute, 1660 Springhill Avenue, Mobile, AL 36604 
or by email to dkeasler@health.southalabama.edu. 
Applications will be reviewed and evaluated on an ongoing 
basis. The University of South Alabama is an Equal Opportunity 
Employer-Minorities /Females / Veterans / Disabled. 
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dvanced materials aren’t usually associated with 
Wales, but it’s high time they were, says James Dur- 
rant, professor of photochemistry at Imperial College 
London. In 2013, Durrant accepted a joint appoint- 
ment as the Sér Cymru (Stars Wales) Solar Energy Research 
Chair at Swansea University in Wales. Now he also coordinates 
research to build the country’s reputation as a pioneer in new 
materials that expand the reach of solar energy. At Swansea’s 
Sustainable Product Engineering Centre for Innovative Func- 
tional Industrial Coatings (SPECIFIC), Durrant helps develop 
technologies that enable buildings to produce, store, and 
release their own energy. Durrant already leads a successful 
research lab at Imperial, but his joint appointment now allows 
him to connect fundamental science expertise at Imperial with 
engineering and manufacturing expertise at Swansea. “Impe- 
rial is a world-class place for research, but London is not an 
environment that focuses on manufacturing,” he says. Swansea 
was historically a manufacturing hub and remains so—and to- 
day that legacy continues at the university’s campuses, where 
you are just as likely to see industry experts roaming the labs at 
SPECIFIC as you are to spot academics, Durrant says. 

Durrant was one of the first beneficiaries of the Welsh Gov- 
ernment’s Sér Cymru initiative, which was announced in 2012 
as part of the government’s science strategy to identify areas 
of research where Wales “has a fighting chance to be the best 
in the world,” says David Allen, chair of the Higher Education 
Funding Council for Wales. The first phase of Sér Cymru com- 
mitted up to £50 million (US$66.2 million) to bring prestigious 
research chairs to Welsh universities and also to Suppor na- 
tional research networks in three “grand chal- 
lenge” areas: life sciences and health; low car- 
bon, energy, and environment; and advanced 
engineering and materials. These networks 
are intended to “get the Welsh universities to 
think horizontally rather than vertically,” says 
Allen, and to strengthen their reputation as 
centers for scientific enquiry. A second £60 
million (US$79.5 million) phase of Sér Cymru, 
launched in December 2015, is further boost- 
ing research capacity by offering fellowships to 
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Wales wants more scientists 


Wales may be small but it has big plans for science. New initiatives to fund over 100 new 
fellowships and hire up to 30 top scientists, combined with infrastructure investments in 
the physical sciences, are turning Wales into a land of opportunity. By Gunjan Sinha 
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mid- or early-career scientists and those currently on a career 
break. Through both initiatives, Wales hopes to draw in 20 to 30 
“rising star” researchers and support 120 fellows “to produce 
critical mass around our strengths,” says Julie Williams, chief 
science adviser to the Welsh Government. “Our ambition is to 
grow research.” 

To boost capacity even further, the Welsh universities of 
Cardiff, Swansea, Bangor, and Aberystwyth have also been 
investing heavily in infrastructure such as new buildings and 
equipment. 

Like other countries that see knowledge-growth as a pillar of 
their economies, Wales has created a science agenda that aims 
not only to expand academic science, but to translate science 
and technology into applications that lead to economic growth. 
Consequently, it is inviting industry to work with academics in 
research areas deemed to have the greatest promise of com- 
mercial success, adds Williams. 


World-class brain imaging at Cardiff 

At Cardiff University, the goal of close industry collabora- 
tion has morphed into a new physical space: the £300 million 
(US$393.6 million) Innovation Campus. The campus, which is 
being constructed in phases, aims to bring business develop- 
ment staff on hand to assist with access to university research, 
facilities, and services. It will feature social networking and 
creativity spaces to encourage problem solving, open innova- 
tion, and collaboration. The campus will house other research 
facilities in the future, and is already home to the Cardiff Uni- 
a £44 million 
(US$58.3 million) facility financed by a combina- 
tion of public funds and charitable trusts. 

Among its five new scanners, CUBRIC boasts 
Europe’s most powerful microstructural brain 
scanner, the Siemens 3 Tesla Connectome 
magnetic resonance imaging (MRI) system, a 
specially adapted MRI scanner of which there is 
only one other in the world, located at Harvard 
University in the United States. Because its 
powerful technology can measure microstruc- 
tural features in the brain, such as_ cont.> 
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the diameter of nerve cell 
axons, it enables research- 
ers to answer entirely new 
questions, says CUBRIC 
director Derek Jones. 
“Rather than merely brain 
mapping, we can start to 
address more biologically 
specific questions like, 
‘How do individual differ- 
ences in axon diameter 
correlate with differences in 
impulsivity?’” he says. 

Jones arrived at Cardiff 
in 2006 as codirector of CUBRIC. His job was to establish a 
neuroimaging research program where none existed. A medical 
physicist by training, Jones had the good fortune to work along- 
side two other physicists with complementary backgrounds. 
Together they came up with the idea and a business plan for 
establishing a new, comprehensive neuroimaging research cen- 
ter at Cardiff. The proposal dovetailed nicely with Wales’ greater 
science agenda to establish itself as world class in a few key 
areas. “| think they were excited at the vision of the university 
having something genuinely unique,” Jones recalls. Their plan 
was approved. The new CUBRIC boasts a combination of imag- 
ing equipment that is unique in all of Europe. 

Anyone can approach the center with a research proposal, 
says Jones, and it will work with both academics and industry 
partners on brain stimulation technologies, including pharma- 
ceutical companies investigating the effects of experimental 
medicines. Jones’s own research employs the center’s equip- 
ment to achieve the best estimates of myelination, axon char- 
acteristics such as density and diameter, and brain connectivity. 
He then uses that information to understand individual differ- 
ences in brain electrophysiology and cognition. A recent experi- 
ment, for example, showed that six weeks of cognitive training 
could produce detectable differences in brain microstructure. 
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Translating research at Swansea 

At Swansea, much of the research for Sér Solar (funded un- 
der Sér Cymru) is focused on commercialization. Durrant and 
his colleagues at Imperial’s Centre for Plastic Electronics are 
working on developing and understanding new ink-based coat- 
ings that can be printed onto surfaces as semiconductor mate- 
rials in order to capture solar energy. Researchers at Swansea, 
in collaboration with industry, are taking these printable materi- 
als and focusing on the challenges of scalability and stability to 
develop new classes of solar cells. “The vision is to print the ink 
directly onto roofing products,” he says. 

Durrant is an academic at heart. “I’d love my research to 
be useful,” he says, “but I’m not very good at applying it.” At 
Swansea he can concentrate on basic research, while others 
working alongside him can develop applications. He points out 
that the CEO of SPECIFIC previously worked in the steel indus- 
try. “That type of industrial perspective permeates the culture 
of SPECIFIC, and so you have a huge drive to turn science into 
practical applications. I’m happy to be involved,” adds Durrant. 

A pilot plant for the coated roofing has already been built 
at the Innovation and Knowledge Centre—located about 16 
km (10 miles) away from Swansea University’s Singleton Park 
campus. The £20 million (US$26.5 million), five-year SPECIFIC. 
project will develop coated steel and glass products to incorpo- 
rate into new and existing buildings, enabling walls and roofs to 
generate, store, and release energy. Such coatings on buildings 


could reduce the United 
Kingdom’s CO, output by 
millions of tons a year. The 
project is a partnership that 
in addition to Swansea, 
involves several universities 
including Imperial College, 
Bangor, and Cardiff, as well 
as multinational companies 
such as Tata Steel and 
BASF International. 
Swansea University 
recently expanded and 
in 2015 opened its Bay 
Campus, a £450 million (US$580.6 million) science and innova- 
tion space situated on a 65-acre beachfront site not far from the 
Singleton Park Campus. The campus currently hosts the Col- 
lege of Engineering and the School of Management and boasts 
a hall that seats 800, an extensive library, and student housing, 
among other amenities. The multipartner, public-private project 
was largely funded by the university and the Welsh Government 
through the European Regional Development Fund. 


Wales builds strength in environmental science 

In striving for excellence in select areas, Wales is following 
a tried and tested recipe. Chris Thomas came to Aberystwyth 
University in 2007 to help build up the Institute of Biologi- 
cal, Environmental and Rural Sciences (IBERS). Thomas is a 
wildlife biologist by training, but he now uses technology such 
as Satellite remote sensing and software applications such 
as geographic information systems to model vector disease 
transmission. “I was attracted to Wales by the big investment in 
environmental and agricultural studies,” Thomas says. “We are 
very proud of what’s gone on there.” 

In 2013, Thomas was appointed 
Pro Vice-Chancellor of Research at 
Aberystwyth. His primary goal is to 
ensure the success of the current 
science strategy. With translational 
research high on the agenda, Thomas 
is also overseeing the conception and 
construction of the new £40.5 mil- 
lion (US$53.6 million) Innovation and 
Enterprise Campus at Aberystwyth, 
which will focus on agricultural innova- 
tion. The university is already world 
renowned for research in pasture-based agriculture, which 
encompasses many areas including grass breeding, nutritional 
characterization of different grass breeds, and the use of differ- 
ent plant species in applications ranging from flood control to 
altering the nutritional value of meat and milk via the grasses 
animals eat. 

Through the £7 million (US$9.2 million) Sér Cymru National 
Research Network for Low Carbon, Energy and Environment— 
one of the three grand challenge areas— Welsh universities 
hope to capitalize even more on their expertise in pasture- 
based agriculture. The network encourages interdisciplinary 
research across departments and universities, so that 
environmental scientists collaborate with energy scientists, 
for example, and architects with plant scientists, says David 
Thomas, director of the Bangor University-based network. 
“The network has been the catalyst to bring them into the 
same room,” he adds. “It encourages collaborations to be 
more innovative.” 


David Thomas 
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Aberystwyth University 
www.aber.ac.uk 


Institute of Biological, 
Environmental and Rural Sciences 
www.aber.ac.uk/en/ibers 

Bangor University 
www.bangor.ac.uk Learned Society of Wales 


www.learnedsociety.wales 
Cardiff University 
www.cardiff.ac.uk National Research Network 
for Low Carbon, Energy and 
Environment 


www.nrn-Icee.ac.uk 


CUBRIC 
sites.cardiff.ac.uk/cubric 


Higher Education Funding Council 
for Wales 
www.hefcw.ac.uk/home/home.aspx 


SPECIFIC 
www.specific.eu.com 


Swansea University 
www.swansea.ac.uk 


The collaborative environment is what Rosalind Dodd 
enjoys most about working in the network. “We’ve got some 
great researchers who are very engaged and great to work 
with,” she says. Dodd came to Bangor University in January 
after completing a postdoc at the University of Arkansas in 
the United States. She found the work in Arkansas interesting, 
but wanted “something more ambitious in terms of size and 
scope.” Dodd is part of a cluster within the network focused 
on smart grass: Her group studies the impact of extreme 
weather on different varieties of grass and the ecosystem. The 
research will become important across agricultural regions, 
she says, as climate change is expected to increase the fre- 
quency of extreme weather events around the world. 


A sustainable future built on strong science 
Agriculture has and continues to make up a major share of 
Wales’ economy—support for research in this area continues to 
be strong. Wales’ science agenda is not only driven by its exist- 

ing strengths in the life sciences, but also by a vision of where 
it wants to go. “Wales is trying to brand itself as a sustainable 
nation,” says Allen. “It defines the sort of Wales we want to be.” 

Population growth, climate change, environmental destruc- 
tion, and aging populations are global challenges. There is a 
widespread belief that only science and technology can provide 
solutions to these potentially catastrophic societal and environ- 
mental issues. Wales isn’t the only country investing in the sci- 
ence of sustainability—but it has found niches in which it either 
already excels or has the potential to shine. 

The country’s recent capacity-building initiatives are not arbi- 
trary. The Welsh Government’s Sér Cymru program was largely 
based on studies showing that Welsh universities were not 
winning the percentage of competitive Research Councils UK 
grants commensurate with the size of the Welsh population (5% 
of the UK total). Evidence gathered by Peter Halligan, chief 
executive of the Learned Society of Wales, showed that the 
problem lay not in the quality of science but rather in the num- 
ber of researchers. Wales has had a deficit of researchers—over 
600 fewer relative to its population than Scotland, for example. 
Among the largest deficits have been researchers in science, 
technology, engineering, mathematics, and medicine—areas 
largely funded by high-spending agencies such as the Medical 
Research Council and the Engineering and Physical Sciences 
Research Council. 

Despite this work force deficit, Welsh science overall now 
outperforms many other similarly small countries such as 
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Institute of Biological, Environmental and Rural 
Sciences at Aberystwyth University 


Norway, Ireland, and New Zealand, according to commonly 
used measures of efficiency and science quality. Using field- 
weighted citation impact (a recognized measure of mean 
citations per article, normalized for subject field), Wales’ 
citation impact increased from 39% above the world aver- 
age in 2004 to 68% in 2014. Citations per Welsh researcher 
also moved from an average of 7.6 in 2007-2011 to 9.6 in 
2014—“that’s two percentage points above the UK average, 
says the Learned Society of Wales’ Halligan. As Wales’ first 
national academy, the Learned Society of Wales—established 
in 2010—brings together the nation’s most successful and 
talented fellows to advance and promote research excellence 
in all scholarly disciplines. 

Halligan’s research provided valuable support for extend- 
ing Sér Cymru into its second phase. Sér Cymru Il is a suite of 
schemes partly funded by the European Commission through 
the Horizon 2020 Marie Sktodowska-Curie Actions COFUND 
scheme, or by the Welsh European Funding Office through the 
European Regional Development Fund. In addition to funding 
fellowships and promising scientists, Sér Cymru offers 12 ad- 
ditional fellowships to scientists returning to their fields after a 
long absence. 

The level of government commitment has made a power- 
ful impression on researchers. “I have been stunned at how 
accessible the leadership in Cardiff has been to me,” Durrant 
says. “Wales has the level of political engagement and the 
determination to focus their resources that is creating really 
world-class centers.” 

Welsh universities also provide other perks that go beyond 
the quality of their science offerings. “People are very open 
and relaxed when talking about ideas,” says Dodd. “They 
don’t seem to worry about how they are going to be per- 
ceived.” This sentiment was echoed by Jones: “This university 
is the most collegial place I’ve ever worked.” 

And contrary to the stereotypical view of a small institution 
being a professional handicap, “I haven’t needed to be ina 
large institution to be a successful scientist,” says Bangor 
University’s Thomas, who has been in Wales for over 20 years. 
Also worth mentioning is the proximity to ocean, mountains, 
and other natural beauty that together, says Thomas, make 
Wales “a blindingly good place to live.” 


” 


Gunjan Sinha is a freelance writer living in Berlin, Germany. 
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Do you have a passion for cutting- 
edge biodiversity science and making 
a real-world impact? 


The California Academy of Sciences seeks three outstanding Ph.D. 
scientists focused on changing the world through biodiversity/ 
ecological science, broader science communication, increasing 
diversity in science, and connecting their work to real-world 
sustainability outcomes. This year, we seek candidates working in 
biological or physical anthropology, herpetology, and the botany of 
western North America. 


The Academy offers a powerful setting for scientific research and 
engagement: a LEED platinum natural history museum, aquarium, 
planetarium, and ~46 million specimens. Our new hires will join ~100 
scientists, students, and post docs. 


We seek candidates with skills in different areas, including 
evolutionary biology, taxonomy and systematics, genomics, 
innovative methods for field- and collections-based research, ecology, 
global environmental changes, GIS, visualization approaches, and 
connecting their work to larger sustainability challenges. Applicants 
must have a Ph.D. at time of application. 


For further details, see http://calacademy.snaphire.com/ 
home?source=CAS. Review of complete applications will begin 
November 14, 2016. Interviews will be held spring 2017. 

The California Academy of Sciences is an Equal Opportunity Employer and 


committed to ensuring that all employees and applicants receive equal 
consideration and treatment. 


CALIFORNIA 
ACADEMY OF 


SCIENCES 


55 Music Concourse Drive 
San Francisco, CA 94118 


www.calacademy.org 


The Leipzig School of Human Origins 
- An International Max Planck Research School - 


by the 
University of Leipzig 
and the 
Max Planck Institute for Evolutionary Anthropology 


The Leipzig School of Human Origins offers a unique interdisciplinary gra- 
duate program to study the evolutionary history and origins of humans and 
other primates. Graduate students are accepted into one of the following 
areas, but are encouraged to take part in courses and seminars from all four 
disciplines: 


Comparative and Molecular Primatology 
Paleogenomics 
Paleoanthropology 


Human Behavioral Ecology and Developmental Psychology 


The language of the school is English. Visit www.leipzig.de for information 
on living in Leipzig, Germany, in the center of Europe. 


For project and application details go to 
www.leipzig-school.eva.mpg.de 


or contact us at: 
e-mail: leipzig-school@eva.mpg.de 
phone: ++49 (0) 341 3550-0 
fax: +449 (0) 341 3550-119 


Application deadline: December 01, 2016 
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DANA-FARBER HARVARD MEDICAL SCHOOL 


DIRECTOR OF 
CANCER CELL THERAPY PROGRAM 


Dana-Farber Cancer Institute is seeking an academic leader to serve as 
the Director of the Cancer Cell Therapy Program at the Dana-Farber 
Cancer Institute with an appointment as Associate Professor or Professor 
of Medicine at Harvard Medical School. 


This individual will be responsible for the full scope of research, 
preclinical and educational activities of the Program as well as 
collaborative activities with other departments at Harvard Medical 
School and its affiliated institutions. 


Candidates should have an MD and or PhD degree, at least 10 years 
of experience in the field of cellular therapies, an established record 
as a mentor and as a teacher, national recognition for research 
accomplishments, and possess effective leadership, managerial, and 
collaborative skills. Ideally, she/he would be a proven leader with an 
international reputation in cancer cell therapy, who can develop a leading 
translational program in cellular therapy at the Dana-Farber Cancer 
Institute. 


Interested candidates are requested to submit a cover letter and current 
Curriculum Vitae to the email address below for consideration to: 
Committee Chair 
Jerome Ritz, MD, Dana-Farber Cancer Institute 
jerome_ritz@dfci.harvard.edu 


We are an Equal Opportunity Employer and all qualified applicants 
will receive consideration for employment without regard to race, 
color, religion, sex, sexual orientation, gender identity, national origin, 
disability status, protected veteran status, or any other characteristic 
protected by law. 


Advance your 
career with expert 
advice from 

Science Careers. 


(3) Download Free Career Advice Booklets! 
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Featured Topics: 

= Networking 

= Industry or Academia 
= Job Searching 

= Non-Bench Careers 

= And More 


THE FIRST INTERNATIONAL YOUNG SCHOLARS 
SHENZHEN FORUM OF SUN YAT-SEN UNIVERSITY 


* Organizer: Sun Yat-sen University 
Date: December 24-26, 2016 


The First International Young Scholars Shenzhen Forum of Sun 
Yat-sen University is now officially open for online registration. 


[Introduction] 
Sun Yat-sen University was established in 1924 by Dr. Sun Yat-sen. A top-tier 


comprehensive research university recognized both at home and abroad for its 
remarkable strengths in a wide range of disciplines. Sun Yat-sen University has 
fostered an exceptional learning environment and a favorable academic 
atmosphere. 

[Start of Forum) The University started to organize the International Young 
Scholars Forum in 2015, Shenzhen Forum 2016 is the third session. 

(Forum purpose) The Forum aims to bring together young scholars from China 
and abroad for exploring the frontiers of academic topics, tracking hot academic 
issues, and promoting academic exchanges and cooperation while serving as a 
venue for introducing the University to top-level international talent. 

{Forum organize] Presentations, workshops, discussions and will provide 
opportunities for talent recruitment. 

{Subject areas] Shenzhen Forum will include in broad disciplines, especially in 
these academic fields: Clinical Medicine, Basic Medicine, Public Health and 
Preventive Medicine, Pharmaceutical Science, Biomedical Engineering, 
Materials Science and Engineering, Information and Communication 
Engineering, Aeronautics and Astronautics Science and Technology, Intelligent 
Manufacturing, and etc. 
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SUN YAT-SEN UNIVERSITY 


[Application Conditions) 

Applicants must be: under the age of 40; holders of a PhD degree from a 
well-known university abroad, or holders of a PhD degree from a domestic 
university but with more than 2 years of research experience abroad; must have 
demonstrated academic achievements or academic potential in their respective 
research fields, and intending to apply for Professor or Associate Professor of 
Sun Yat-sen University’s "100 Top Talents Program", Research Fellow or 
Postdoctoral Researcher. 


[Application Process) 
Applicants can access the online application system found at (http://survey syst 
edu.cn/en), provide the information as required on the web Page. and submit Meo 
To check whether or not you have been invited, you will receive an email with 
results by December 9. The applicants who have received anvin v é 
intend to attend the forum should fill in the confirmation 
upon receiving the invitation. Ce 


[Travel and Accommodation Arran a") 3 
Meals and accommodation will be arranged by the organizer, aad east 
subsidies will be provided as well, , 
{Contact} 

Human Resources Department 

Sun Yat-sen University 

Guangzhou, Guangdong; China 510275 

Tel: +86-20-84114884 

Fax: +86-20-84115959 

Contact: Ms. Fan Sun, Ms. Manrong Chi 

E-mail: rsercgc@mail sysu.edu.cn 

SYSU Recruitments Official webpage: 
http://rse.sysu.cdu.cn/Article/inyitation/Professor/201609/7612.html 
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The Chinese University of Hong Kong, Shenzhen 


————— 


PROFESSOR/ASSOCIATE PROFESSOR/ASSISTANT PROFESSOR IN 
THE SCHOOL OF SCIENCE AND ENGINEERING 


Located in the Longgang District of Shenzhen, The Chinese University of Hong Kong, Shenzhen 
(CUHK(SZ)}] is a research-intensive university, established in 2014 through a Mainland-Hong Kong 
volluboration with generous support from the Shenzhen Municipal Government. [t inherits the fine academic 
traditions of The Chinese University of Hong Kong and will develop its academic programmes in phases and 
offer courses in Schools of Science and Engineering, Management and Economics, and Humanities and Social 
Science. The language of instruction will be in both English and Chinese, and the students will receive degrees 
of The Chinese University of Honz Kong. 

@ POST SPECIFICATION 

The School of Science and Engineering (www.cuhk.edu.cn/en/Xueyuan/igong html) invites 
upplicutions for faculty positions in all uress of Bioinformatics, Biomedical Science and Engineering, 
Chemistry, Material Science and Physics, Computer Science and Engineering, Electrical and 
Information Engineering, New Energy Science and Engineering, Statistical Science, Data Science, 
Mathematics, Financial Engineering and Quantitative Finance. Applications in other areas will also be 
considered, 

Junior applicants should have (i} a PhD degree (by the time of reporting for duty) in related fields; and (ii) 
high potential in teaching and research, Candidates for Associate and Full Professor posts are expected to have 
demonstrated academic leadership and strong commitment to the highest standards of excellence. 
Appointments will normally be made on contract basis for up to three years initially, leading to longer-term 
appointment or tenure later subject to review, Exceptional appointments with tenure will be considered for 
candidates of proven ability. 


@SALARY AND FRINGE BENEFITS 

Salary will be comparable to international standards, commensurate with experience and 
accomplishments. Appointments will be made under the establishment of CUHK(S7), and employee benefits 
will be provided according to the relevant labor laws of Mainland China as well as CUHK(SZ) regulations. 
Subsidies [rom various government sponsored talent programs will also be made available for eligible 
candidates http://www.cuhk.edu.cn/Uploadt iles/talentsProgramoutline. pdf 

Applications (with CV and contact information of three referees) should be emailed to: 
talents4sse@cuhk.edu.cn 


RECRUITMENT FOR 


GLOBAL HIGH-LEVEL TALENTS 
(ONLINE +0N SPOT) 


Job Vacancies in China's Universities 
and Research Institutes 
Holding Date: 
ONLINE: 9:00-16:00 (GMT+8), October 26th,2016 
ON SPOT. October 28th, 2016—November 4th, 2016 
(Britain+Germany) 

Recruitment requirements: 
Overseas Scholars, Doctors and Post-doctors 
Participating Universities: 
Shanghai University Of Enginccring Scicnce 
Shanghai Normal University 
Southwest University 
Northeast Forestry University 
Harbin Engineering University 
Southwest Jiaotong University 
Third Military Medical University 
OTHER MORE UNIVERSITIES 
AND MORE INFORMATION 
PLEASE VISIT www.cdu_cn/cy 
Participation Approaches; 

Please send your CV to 
consultant@acabridge.edu_cn 
Want to recommend talents or consult more 
information? 

Please contactconsultant@acabridge.edu.cn 
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For recruitment in science, there’s only one Science. 


What makes Science the best choice? Deliver your message to a 
global audience of targeted, 


= Read and respected by 400,000 readers around the globe qualified scientists. 


= 75% of readers read Science more often than any other journal 


* Your ad dollars support AAAS and its programs, which 129,574 


strengthens the global scientific community. subscribers in print 
every week 
Why choose this job focus for your advertisement? 49. 518 
. 7 . . 
= Relevant ads lead off the career section with special ere bia job seekers 
. searcning for neuroscience 
neuroscience banner positions in 2015 


= Bonus distribution to Society for Neuroscience, 


November 12-16, San Diego, CA. 34,780 


applications submitted for 
neuroscience positions 
Expand your exposure. in 2015 


Post your print ad online to benefit from: 
= Link on the job board homepage directly to neuroscience jobs 
= Dedicated landing page for jobs in neuroscience 


“Science. 


# Additional marketing driving relevant job seekers to the 
job board. 


Produced by the Science/AAAS Custom Publishing Office. 


SCIENCECAREERS.ORG 


To book your ad: advertise@sciencecareers.org 
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ASSISTANT PROFESSOR 
EXPERIMENTAL LOW ENERGY NUCLEAR PHYSICS 


The Department of Physics and Astronomy at the University of Tennessee Knoxville 
invites applications for a tenure-track faculty position at the rank of Assistant Professor 
in the field of Experimental Low Energy Nuclear Physics (LENP). The successful applicant 
will have a PhD in Physics or related field, several years of post-PhD experience, and a 
strong research record in Experimental LENP as evidenced by a publication record. The 
candidate is expected to define a vital program in nuclear structure, reactions, and/or 
nuclear astrophysics that will attract independent external research funding and 
provide state-of-the-art training for graduate students and postdoctoral researchers. 
The successful candidate will contribute to the teaching mission of the department at 
both the undergraduate and graduate levels. 

The experimental LENP group at the University of Tennessee, Knoxville (UT) leads 
experiments at user facilities in the US, and worldwide, using decay and low-energy 
nuclear reaction techniques to study the structure of the atomic nucleus and its 
interactions, particularly those relevant to element production through the 
astrophysical r- and rp-processes. This research is strongly aligned with the program of 
the Facility for Rare lon Beams (FRIB). Our group has led the development and 
construction of the Versatile Array for Neutron Detection at Low Energies (VANDLE) and 
the Hybrid Array for Gamma Ray Detection (HAGRiD) and is at the cutting-edge of 
developments with digital data acquisition used for decay and reaction studies. UT is a 
key member of the Center of Excellence for Radioactive lon Beam Studies for 
Stewardship Science, funded by the National Nuclear Security Agency, and maintains 
significant funding from the DOE Office of Science. UT has an established partnership 
with Oak Ridge National Laboratory (ORNL) through the Joint Institute for Nuclear 
Physics and Applications. The successful candidate is expected to strengthen the UT 
LENP group program and will be encouraged to explore research opportunities at the 
future FRIB facility. This appointment is expected to begin August 1, 2017. 

The University welcomes and honors people of all races, creeds, cultures, and sexual 
orientations, and values intellectual curiosity, pursuit of knowledge, and academic 
freedom and integrity. The Knoxville campus of the University of Tennessee is seeking 
candidates who have the ability to contribute in meaningful ways to the diversity and 
intercultural goals of the University. Applicants should send a cover letter, CV, list of 
publications, a description of teaching and research experience, and their proposed 
research program, and also arrange for at least three letters of reference to be 
submitted separately. All application materials should be submitted on-line at 
https://apply.interfolio.com/36687. Only electronic applications will be considered, and 
acceptable file formats are .pdf or .doc. Review of applications will begin on November 
15, 2016 and continue until the position is filled. 


ASSISTANT PROFESSOR 
SYNTHETIC ORGANIC OR POLYMER CHEMISTRY 


The Department of Chemistry at The University of Tennessee at Knoxville 
https://www.chem.utk.edu invites applications for a tenure track faculty position in the 
area of Synthetic Organic or Polymer Chemistry, broadly defined, with an anticipated 
start date of October 15, 2017. Ideally, the applicant’s proposed research program will 
augment existing expertise in the department. The position will be at the rank of 
Assistant Professor and requires a Ph.D. degree in chemistry, or a closely related field, 
and at least one year of post-doctoral research experience. Successful candidates are 
expected to develop an internationally recognized, externally funded research program 
and contribute to the Department’s teaching and service missions. Interested applicants 
should submit a cover letter, CV, description of proposed research, and teaching 
philosophy as a single pdf document to organicpolymersearch@ion.chem.utk.edu. 
Furthermore, applicants should arrange for three letters of recommendation to be sent 
to the same email address. Review of applications will begin on November 1, 2016 and 
continue until the position is filled. 

The Department is in a vigorous growth phase and currently consists of 28 faculty 
members, ~130 graduate students, and ~220 chemistry majors. The Department offers 
excellent support facilities including five NMR spectrometers (solution and solid state), 
four mass spectrometers ranging from walk on to proteomics instruments, a Raman 
spectrometer, powder and single crystal X-ray diffractometers, and a state-of-the-art 
polymer characterization laboratory. A competitive start-up package will be provided to 
supply the successful candidates with the time and funds required to initiate a strong 
research program. The University, and in particular the Chemistry Department, enjoys 
strong collaborative research ties to the nearby Oak Ridge National Laboratory (ORNL). 
All of our faculty members have unique collaborative research opportunities with ORNL, 
UT-ORNL Joint Institutes for Biological Sciences, Computation, Neutron Sciences, and 
Advanced Materials and the School for Genome Science & Technology. 


THE UNIVERSITY OF 


TENNESSEE 


KNOXVILLE 


COLLEGE OF ARTS & SCIENC 


ASSISTANT/ASSOCIATE PROFESSOR 


STRUCTURAL BIOLOGY/BIOPHYSICS POSITION 
The Biochemistry & Cellular and Molecular Biology Department (BCMB) at the 
University of Tennessee at Knoxville (UT) is soliciting applications for a full-time, tenure- 
track position at the rank of ASSISTANT PROFESSOR or ASSOCIATE PROFESSOR to begin 
August 1, 2017. The BCMB Department (https://bcmb.utk.edu) has 40 active faculty 
with core strengths in structural/computational biochemistry & biophysics, 
plant/microbial biology, and developmental genetics. We seek applicants who use 
modern structural or biophysical approaches to study complex cellular, sub-cellular, or 
molecular systems. These approaches may include but are not limited to Cryo-EM single 
particle analysis or tomography, single-molecule biophysics/optical spectroscopy, 
neutron/X-ray crystallography/scattering, and NMR. These approaches should be 
applied to explore the fundamental molecular, cellular, or physiological nature of 
complex systems that may include macromolecular complexes, biomembranes, 
organelles, and nanomachines. The candidate will be required to develop an innovative 
and extramurally funded research program that complements existing areas of 
computational and experimental biophysics within the BCMB. UT is located near Oak 
Ridge National Laboratory (ORNL) and candidates interested in building collaborative or 
joint research programs in biophysics and structural biology with ORNL are particularly 
encouraged to apply http://web.ornl.gov/sci/ees/bsd/index.shtml. 

Applicants must have a Ph.D. and postdoctoral experience in an appropriate 
discipline with evidence of high quality research and the interest/ability to teach 
biochemistry and/or physical biochemistry plus graduate courses in their area. 
Applicants should send a single PDF containing a cover letter, curriculum vitae, current 
and future research interests with funding prospects, and statement of teaching 
philosophy to experimentalbio@utk.edu. Following initial review, the top applicants will 
be contacted and requested to arrange three letters of recommendation to be sent 
electronically to utkreferences@utk.edu. Direct further inquiries to Dr. Barry D. Bruce, 
(865-974-4082; bbruce@utk.edu). Review of applications will begin on November 4, 
2016 and continue until the position is filled. 


ASSISTANT PROFESSOR 
THEORETICAL BIOPHYSICS 


The Department of Physics and Astronomy at the University of Tennessee (UT) invites 
applications for a tenure-track faculty position at the rank of Assistant Professor in the 
field of Theoretical Biophysics. Candidates should have a PhD in Physics or another field 
closely related to Physics. The candidate is expected to have a strong research record in 
Theoretical Biophysics and is expected to develop a first-class, externally funded 
research program, to provide training for graduate students and postdoctoral 
researchers, and to contribute to the teaching mission of the department at both the 
undergraduate and graduate levels. The preferred expertise of the candidate should be 
in the broad area of Soft Matter Physics applied to living systems, including but not 
limited to non-equilibrium statistical mechanics, cellular biomechanics, multi-scale 
molecular dynamics and Monte Carlo simulations, and polymer physics. A strong 
interest in interacting with ongoing programs at UT, such as computational physics and 
theoretical condensed matter physics research, is highly desirable. The appointment is 
expected to begin August 1, 2017. 

The successful candidate will benefit greatly from available computational 
resources, the location on campus of the National Institute for Mathematical and 
Biological Synthesis (NIMBioS), and by the proximity to unique research facilities at Oak 
Ridge National Laboratory, including the Joint Institutes for Computational Sciences, 
Biological Sciences, Advanced Materials, and Neutron Sciences. 

The University welcomes and honors people of all races, creeds, cultures, and sexual 
orientations, and values intellectual curiosity, pursuit of knowledge, and academic 
freedom and integrity. The Knoxville campus of the University of Tennessee is seeking 
candidates who have the ability to contribute in meaningful ways to the diversity and 
intercultural goals of the University. Applicants should send a CV, list of publications, a 
description of research and teaching experience, a proposed research program, and 
also arrange for at least three letters of reference to be submitted separately. All 
application materials should be submitted on-line at 
https://apply.interfolio.com/36843. Only electronic applications will be considered and 
acceptable file formats are .pdf or .docx. To guarantee consideration please submit all 
materials by December 1, 2016. 


The University of Tennessee, Knoxville, is Tennessee’s flagship state research institution, a campus of choice for outstanding undergraduates, and a 
premier graduate institution. Knoxville is the gateway to multiple beautiful and historically significant National Park Service destinations, including the 
Great Smoky Mountains NP and the Big South Fork NRRA. East Tennessee offers a blend of convenient urban and rural living settings with easy access to 
miles of inland waterways, ~1000 acres of trails in Knoxville’s Urban Wilderness, and diverse cultural opportunities. Downtown Knoxville is a thriving 
neighborhood adjacent to campus, filled with restaurants, shops, indoor and outdoor entertainment venues, and is a musical mecca with Tennessee 
Shines, the Big Ears Music Festival, Knoxville Symphony & Opera, Jazz on the Square, Alive at Five, and other events. 


The University of Tennessee is an EEO/AA/Title VI/Title IX/Section 504/ADA/ADEA institution in the provision of its education and employment programs 


and services. All qualified applicants will receive equal consideration for employment without regard to race, color, national origin, religion, sex, 
pregnancy, marital status, sexual orientation, gender identity, age, physical or mental disability, or covered veteran status. 
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What makes Science the best choice? Deliver your message to a 
global audience of targeted, 


= Read and respected by 400,00 readers around the globe qualified scientists. 


= 75% of readers read Science more often than any other journal 


= Your ad dollars support AAAS and its programs, which 129,574 


strengthens the global scientific community. subscribers in print 
every week 


Why choose this job focus for your advertisement? A2 : 242 


= Relevant ads lead off the career section with special unique active job seekers 
searching for cell biology 


cell biology banner positions in 2015 
= Bonus distribution to American Society for Cell Biology, 


December 3-7, San Francisco, CA. 50,136 


applications submitted 
Z . for cell biology positions 
Expand your exposure. Post your print ad online in 2015 
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= Link on the job board homepage directly to cell biology jobs 
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Call for Application 
JAXA International Top Young 
Fellowship (ITYF) 2016 


ITYF application 


The Japan Aerospace Exploration Agency 
(JAXA) International Top Young Fellowship 
(ITYF) invites world’s top-level young 
researchers to work at the Institute of Space 
and Astronautical Science (ISAS)/JAXA for 
3 years. In addition to producing outstanding 
academic achievements in their areas of 
specialization, ITYF fellows are expected to 
contribute to creating new academic trends 
in collaboration with researchers inside and/ 
or outside ISAS. An excellent remuneration 
package is offered, including research budget 
(including travel expense) so that the fellow 
can extend their international profile, as well 
as developing collaborations within Japan. 


The application deadline: 23:59 (JST), 
November 27, 2016 


Please see the below link for further details. 
http://www.isas.jaxa.jp/e/researchers/ 
young-fellowship/appli.shtml 


Contact Information 
E-mail: ITYF_ADMIN@jaxa.jp 


ADELPHI 
UNIVERSITY 


www.adelphi.edu 


ASSISTANT PROFESSOR 
Tenure-Track, Biology 


Adelphi University invites applications for a tenure-track 
position for an organismal physiologist to begin fall 
2017. A Ph.D. is required and postdoctoral experience 
is highly preferred. Teaching responsibilities will include 
undergraduate and graduate physiology, human 
anatomy & physiology and could include courses 
such as animal behavior, pathophysiology for nursing 
students, introductory biology, and/or additional 
specialty courses. The successful applicant will have a 
commitment fo teaching students from diverse cultural 
backgrounds and excellent potential as a teacher, 
plus a record of significant research accomplishment 
and the potential to develop a fundable independent 
research program involving undergraduate and 
master’s students. 


For more information about the department, visit 
http://academics.adelphi.edu/artsci/bio/. We 
are strongly committed to achieving excellence through 
cultural diversity. Adelphi is a private university with the 
spirit of a liberal arts college, committed to combining 
teaching and scholarship, and located in suburban 
Long Island within easy reach of New York City. More 
detailed descriptions of the position and application are 
available through www.adelphi.edu/positions/faculty. 
Deadline for applications: November 15, 2016. 


Adelphi University is an equal opportunity/affirmative action 
employer committed to building a diverse workforce and 
strongly encourages applications from women, under- 
represented groups, members of the LGBT community, 
people with disabilities and veterans. 


Four Tenure-lrack Professors 
Division of Nutritional Sciences 


The Division of Nutritional Sciences at Cornell University is hiring four tenure- 
track Professors. These positions are fully-funded, nine-month appointments with 
excellent benefits. 


The Division of Nutritional Sciences is a broadly based interdisciplinary unit that integrates 
theories and methods from across many academic disciplines to understand the complex 
relationships among biology, nutrition, food systems and lifestyle patterns, social and 
institutional environments and governmental policies in human health. 


Candidates are expected to demonstrate promise for/or to already have vibrant, independent 
and extramurally-funded research programs, to bring their unique expertise and perspectives 
to the Cornell curriculum for graduate and/or undergraduate education, and to mentor 
graduate students in the Field of Nutrition and other fields at Cornell University. 


Review of applications and interviews will occur on a rolling basis until these positions 
have been filled. 


Assistant Professor of Public Health and Community Nutrition 
https://academicjobsonline.org/ajo/jobs/8070 


Candidates should have experience in interdisciplinary research at the interface of food, 
human nutrition and public health, and demonstrated expertise in social and behavioral 
sciences, community-based interventions, policy and/or dissemination or implementation 
research. Demonstrated research excellence in areas of interest include, but are not limited 
to, maternal and child nutrition, obesity and chronic disease prevention, and nutrition 
disparities. Research excellence should be demonstrated through publications in journals 
and authored books. Scholarship related to nutrition and public health should be central to 
the candidate’s research program. 


Assistant Professor of Molecular Nutrition and Metabolomics 
https://academicjobsonline.org/ajo/jobs/7327 


Candidates should have experience in the development and use of metabolomics and 
related biomarkers of human metabolism, nutritional status and/or dietary exposure, and 
demonstrated expertise in metabolomics studying human metabolism and/or related model 
systems, and an interest in understanding the relationships among metabolism, nutritional 
status and human health. Areas of expertise include, but are not limited to analytical chemistry/ 
biochemistry, mass spectrometry, systems biology, and/or genomics/metabolomics. 
Research areas of interests include, but are not limited to, the study of biomarkers of human 
metabolism, human disease, nutritional status or dietary exposure and/or the role of essential 
and/or non-essential bioactive food/plant components in human health. 


Assistant, Associate or Full Professor in Global Health and Nutrition 
https://academicjobsonline.org/ajo/jobs/7319 


Candidates should have experience in interdisciplinary research in global health and 
nutrition and an interest in studying the biological and/or social dimensions of nutrition in 
human populations. Areas of expertise include epidemiology and intervention targeting and 
evaluation. Scholarship related to nutrition and human health, in the broadest sense, should 
be central to the candidate’s research interests. Demonstrated research excellence in areas 
of interest include, but are not limited to, maternal and child nutrition, obesity and chronic 
disease prevention, and food systems for health and nutrition disparities. This position is 
aligned with University initiatives in big data, information sciences, and global and public 
health. The qualifications of the candidate will determine the rank of appointment. 


Assistant, Associate or Full Professor of Functional Mouse Genomics 
https://academicjobsonline.org/ajo/jobs/7028 


Candidates should have experience in metabolism, cell biology, genetics, biochemistry, 
developmental biology and/or experimental genomics with an interest in exploring the 
interactions among nutrients, metabolism and the genome in health and disease. Research areas 
of interest include energy metabolism, systems biology, stem cells, mammalian developmental 
and metabolic programming, epigenetics and/or complex metabolic diseases. Preference 
will be given to candidates with expertise in mouse models. Research excellence should be 
demonstrated by the existence or potential for building an active, externally-funded research 
program as well as by a strong record of publication in recognized journals. Scholarship 
related to nutrition and human health, in the broadest sense, should be central to the candidate’s 
research program. The qualifications of the candidate will determine the rank of appointment. 


Please visit http://www.human.cornell.edu/dns/jobopenings.cfm for more information 
on the Division of Nutritional Sciences and to access full descriptions. 


Candidates are required to apply through Academic Jobs Online and upload a cover letter, 
CV, research statement and a teaching statement. Applicants must also arrange to have three 
confidential letters of recommendation submitted through Academic Jobs Online. 


Diversity and Inclusion are a part of Cornell University’s heritage. We’ re an employer and 
educator recognized for valuing AA/EEO, Protected Veterans, and Individuals with Disabilities. 
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Meet career challenges head-on with online courses 
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= Public engagement = Proposal writing 
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Assistant Professors 
(Tenure Track) of Computer 
Science 


> The Department of Computer Science (www.inf. 
ethz.ch) at ETH Zurich invites applications for assistant 
professorships (tenure track) with focus on the following 
broad areas within computer science. For each area, 
several possible examples (not exhaustive] of expertise 
are provided. 


Programming Languages and Software Engineering 
(language design and implementation, testing and 
debugging, compilers and language runtimes, 
programming models, dynamic languages) 


Robotics and Cyber-physical Systems (artificial 
intelligence, human-robot interaction, planning and 
control, virtual/augmented reality, internet of things, 
embedded systems, data acquisition systems) 


Data Science (machine learning, language/media 
processing, data privacy, medical applications, data 
centers architecture and management, programming 
and runtime platforms for data centers and cloud 
computing) 


All other areas in Computer Science (while there is 
focus on the three areas above, ETH Zurich is broadly 
looking in all areas) 


> Please only apply for one of the above four areas as all 
applications will be jointly reviewed. 


> Applicants should be strongly rooted in computer 
science, have internationally recognized expertise in 
their field and pursue research at the forefront of compu- 
ter science. Successful candidates should establish and 
lead a strong research program. They will be expected to 
supervise doctoral students and teach both undergradu- 
ate and graduate level courses (in German or in English). 
Collaboration in research and teaching is expected both 
within the department and with other groups of ETH 
Zurich and related institutions. 


> Assistant professorships have been established to 
promote the careers of younger scien-tists. ETH Zurich 
implements a tenure track system equivalent to other 
top international universities. For candidates with 
exceptional research accomplishments, applications 
for a tenured associate or full professorship will also be 
considered. 


> Please apply online (application period starts on 
31 October 2016) at: www.facultyaffairs.ethz.ch 


=> Applications include a curriculum vitae, a list of pub- 
lications with the three most important ones marked, a 
statement of future research and teaching interests, the 
names of three references, and a description of the three 
most important achievements. The letter of application 
should be addressed to the President of ETH Zurich, 
Prof. Dr. Lino Guzzella. The closing date for applications 
is 15 December 2016. ETH Zurich is an equal opportunity 
and family friendly employer and is further responsive 

to the needs of dual career couples. We specifically 
encourage women to apply. 
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UNIVERSITY OF MINNESOTA 


Medical School 


DEPARTMENT OF NEUROSCIENCE 


THE UNIVERSITY OF MINNESOTA seeks candidates at the tenure- 
track (Assistant Professor) or tenured (Associate or Full Professor) level 
for appointment in the Department of Neuroscience within the Medical 
School (see www.neurosci.umn.edu). Candidates with research programs 
in the broadly-defined field of neuroscience will be considered; though the 
primary goal of this appointment is to augment and complement existing 
departmental strengths (e.g., neurodegenerative disease, neuronal-glial 
interactions, neurobiology of pain, complex cognitive processes). Faculty 
will be expected to participate in our vigorous Graduate Program in 
Neuroscience, as well as in other interdisciplinary graduate programs 
at the University of Minnesota (www.neuroscience.umn.edu). Faculty 
will have access to exceptional core facilities in magnetic resonance and 
optical imaging, genomics and proteomics, and behavioral phenotyping. 
Also, there are numerous opportunities to participate in outstanding 
centers including the Institute for Translational Neuroscience, Center for 
Neuroengineering and Center for Immunology. 


The University of Minnesota is a land-grant institution, enjoying generous 
state support for research initiatives. The University is committed to the 
success and retention of its faculty and offers excellent benefits. Quality 
of life in the Twin Cities is also exceptional. The Twin Cities ranked first 
in 2015 as a place to live (Patch of Earth), is also one of the greenest 
cities in the US (Wallet Hub), best cities for foodies (Travel and Leisure), 
and best cities for biking (Forbes), walkability and public transportation 
(bestcolleges.com). 


The University of Minnesota is committed to the development of a 
diverse workforce. The Department of Neuroscience therefore actively 
encourages applications from an inclusive group of candidates that 
furthers the goal of increasing the representation of women and members 
of groups underrepresented in science within our faculty. 


At the tenure-track level of appointment, candidates are expected to have 
doctoral and postdoctoral training in the neurosciences, and to develop 
a nationally recognized and extramurally-funded independent research 
program. Appointment at the tenured level requires demonstrated 
independence and research productivity, including a strong track record 
of major external funding and quality publications in peer-reviewed 
journals. Salary, start-up funds and research space are competitive and 
commensurate with education and experience. 


Candidates must have a PhD and/or MD degree and must be US citizens 
or must be able to secure permanent resident status. The Minneapolis 
campus of the University of Minnesota — Twin Cities is an urban campus 
overlooking the Mississippi River and houses many colleges in addition 
to the Academic Health Center, which includes the Medical School. 
The starting date is negotiable with appointment available as early as 
July 1, 2017. 


Review of applications will commence December 1, 2016 and continue 
until the position is filled. Those seeking a position at the Assistant 
Professor level should send a current curriculum vitae, statement 
of research interests and intentions, and three letters of reference to 
the Neuroscience Faculty Search Committee. Those looking at the 
Associate or Full Professor levels should send a current curriculum vitae, 
statement of research interests and intentions, and the names of three 
individuals to provide letters of reference to: Neuroscience Faculty 
Search Committee, Attention: Ms. Kathleen Beterams, Department 
of Neuroscience, University of Minnesota, 6-145 Jackson Hall, 321 
Church St SE, Minneapolis, MN 55455 USA or electronically by 
e-mail to kbeteram@umn.edu. Applicants also need to complete the 
online application at http://www1.umn.edu/ohr/employment/index. 
html.Those seeking a position at the Assistant Professor level can find 
the application by searching for requisition #313006 under key words. 
Those looking at the Associate or Full Professor levels can search for 
requisition #313075. 


As an Equal Opportunity Educator and Employer, the University of 
Minnesota is committed to attracting and retaining employees with 
varying identities and backgrounds. To learn more about diversity at 
the University of Minnesota visit https://diversity.umn.edu/. 
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Immune response monitoring 


What can we learn about immunotherapy, pathogen response, and autoimmunity? 


WEDNESDAY, OCTOBER 26, 2016 


12 noon Eastern, 9 a.m. Pacific, 5 p.m. UK (BST), 6 p.m. CEST 


The role of the immune system in health and well-being is 
perhaps more far-reaching than previously imagined. An 
insufficient or overactive immune response impacts cancers, 
autoimmune diseases, and infectious diseases. Monitoring 
immune responses by measuring cytokine levels has become 
an integral part of disease-related research, providing clues to 
the state of the immune system and how it could be targeted 
therapeutically. Also, knowing which cytokines to measure is 
essential for gaining a better understanding of the complexity 
of immune responses. 


Abul K. Abbas, MBBS 
University of California, Kite Pharma Inc. 
San Francisco Santa Monica, CA 
San Francisco, CA 


at Mount Sinai 
New York, NY 


Adrian Bot, M.D., Ph.D. — Sacha Gnjatic, Ph.D. 
Icahn School of Medicine 


This webinar will address the role that insufficient or 
overactive immune responses play in disease, which 
cytokines are most commonly used to monitor inflammation 
and immunosuppression, and whether the use of 
common biomarkers is good enough, or if a broader set of 
measurements is required. 


The panel will be available to answer questions live 
from the online audience. 


Brought to you by the Science/ 
AAAS Custom Publishing Office 


Science... 


Sponsored by 


bietechne 


Sf; NEW ENGLAND 


“BioLabs... 


Target with 
precision. 


Introducing the 
NEBNext Direct” 
Cancer HotSpot Panel 


Using a unique approach, the NEBNext Direct 
Cancer HotSpot Panel enriches for 190 common 

é : CANCER-RELATED GENES, INCLUDING >18,000 
cancer targets from 50 genes prior to next generation COSMIC FEATURES: 
sequencing. Combining a novel method for 


TARGETS INCLUDE REGIONS FROM THE FOLLOWING 


hybridization-based target enrichment with library es oe te ie a 
preparation, the NEBNext Direct technology reduces 
: : ae ALK ERBB4 HNFIA MLH1 RET 
processing time and minimizes sample loss. Ideal for ve ee eee a hn 
automation, NEBNext Direct enables highly-specific a aes ae Cae eee 
deep sequencing of genomic regions of interest for the a8 ee ain ae ar 
discovery and identification of low frequency variants anim ~ fe ae “7 
from challenging sample types. 
CDKN2A ——-FGFR3 JAK3 PDGFRA ~~ STK114 
CSFIR FLT3 KDR PIK3CA TP53 
Visit NEBNextDirect.com to learn more CTNNB1 GNA KIT PTEN VHL 


and to inquire about sampling this product. 


For research use only; not intended for diagnostic use. 


NEW ENGLAND BIOLABS® and NEB" are registered trademarks of New England Biolabs, Inc. 
NEBNEXT DIRECT™ is a trademark of New England Biolabs, Inc. 


WORKING LIFE 


By Fatma Kaplan 


254 


Making my own home 


n the spring of 2015, after interviewing for yet another tenure-track faculty position—about my 

185th application in 5 years—I was excited to hear that I was the top candidate. But despite that 

encouraging sign, once again I didn’t get the offer. For years, I had been committed to pursuing 

the traditional academic path because I wanted to run an independent research program and 

teach. I thought a tenure-track faculty position was the one job that offered both. My efforts, 
however, had resulted in a handful of interviews but no offers. By the time I got that last rejection, 
my outlook had changed. A faculty post would have been nice, but I had a startup to run. 


I fully committed to the startup 
life when I began thinking more 
deeply about what I wanted from 
my career. As my faculty job search 
stalled, I asked for advice from 
friends and mentors. Some talked 
through my interview approach 
with me, trying to help me figure 
out where I was going wrong. Oth- 
ers said that they would have quit 
the search, and they admired that I 
had not. One said that I should start 
considering jobs in industry. My 
mother told me not to give up. The 
only consistent point was that I had 
to re-evaluate my journey. 

I asked myself whether I actually 
needed a faculty position to bring 
my ideas to life. The answer, I real- 
ized, was no. I had a Ph.D., which 
gave me a diverse skill set: analytical 
thinking, independence, the ability 
to write grants, and more. I also had teaching opportunities, 
as an adjunct lecturer and courtesy faculty member. What I 
needed was a home for my research. So, instead of trying to 
find a spot at an existing institution, I decided to create my 
own. It was a eureka moment! 

I had unintentionally laid some of the groundwork a few 
years earlier, after completing a traditional postdoc and a 
time-limited position at the U.S. Department of Agriculture, 
where I established my own research program investigating 
nematode pheromone signaling, among other projects. I still 
wanted to do research, but I no longer had a permanent posi- 
tion. So, in 2012, while I continued applying for faculty jobs, 
I also established a company. I teamed up with academic and 
governmental researchers to submit collaborative grant 
applications to support my work. (As a bonus, I thought that 
winning a grant would make me a more competitive faculty 
candidate.) I bought lab equipment whenever I saw good deals 
at surplus auctions and on eBay, and I stockpiled it in my 


“I [didn’t need] a faculty 
position. ... What I needed 
was a home for my research.” 


garage. I was ready to get my research 
started if and when I got funded. 

That happened in late 2014, for 
a project to explore nematodes’ 
relationship with their symbiotic 
bacteria. As a result, when I decided 
to stop applying for faculty jobs 
the next year, I was in a position to 
pursue both the funded project and 
the one I planned to commercialize: 
improving beneficial nematodes’ 
efficacy for pest control. 

Upon opting to fully dedicate 
myself to my startup, I realized that 
federal grants would not be enough 
to bring a product to market. I 
needed to be in the right ecosys- 
tem with the right mentors. I ap- 
plied to a program at a University 
of Florida-affiliated business incu- 
bator, which provided office space; 
business mentors; and training on 
topics including value proposition, market analysis, pain 
points, and investor pitches. The hardest part was learning 
how to explain my work to the nonscientists I was collabo- 
rating with. I also learned the importance of working with 
business professionals to bring a product to the market. 

Now, I have a rented laboratory at the incubator and a 
grant to train my small but growing team. I am still raising 
funds from diverse sources, and I still have a lot to learn. But 
Tm glad I’ve found a way to pursue independent research 
outside the confines of academia while also maintaining 
some connection with my teaching. In the end, it’s very 
rewarding that all those years of scientific training and end- 
less hours of research are finally turning into a product that 
can contribute to improving the world. 


Fatma Kaplan is the co-founder, co-owner, and CEO of 
Kaplan Schiller Research, LLC in Gainesville, Florida. Send 
your story to SciCareerEditor @aaas.org. 
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